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Abstract 
 
The purpose of this thesis is to investigate associations between parasite infection and 
host life-history variation in the wild Soay sheep population of the islands of St Kilda, 
NW Scotland. Studying host-parasite interactions in wild animal populations is of 
interest because of the importance of heterogeneity in resource availability, genetics, and 
environmental conditions in determining resistance to parasites, with implications for 
human populations and wildlife conservation and management.  However, very few 
studies are able to investigate these associations in a longitudinal manner, which is 
essential in order to understand how infection is associated with life-history variation 
across ages and environmental conditions. In this thesis, I investigate associations 
between parasite resistance and ageing and the importance of maternal effects on 
offspring parasite resistance. I also establish the shape of natural selection on parasite 
resistance, and associations between measures of parasite burden and antibody 
responses. The principle findings of the analyses presented in this thesis are: 
 
i) Adult sheep of both sexes show a decline in parasite resistance in old age which is 
consistent with senescence. Furthermore, the rate of decline in parasite resistance 
with age is accelerated in individuals that have experienced more stressful 
environmental conditions over their lifespan. 
 
ii) Aspects of maternal phenotype and lamb early life performance are significantly 
associated with parasite resistance in lambs. Some of these effects persist into adult 
life and may even affect late-life changes in parasite resistance with age. 
 
iii) Analysis of ageing in five female reproductive traits shows that the contributions 
of individual senescence, terminal effects, and selective disappearance vary across 
traits, and that therefore multiple traits should be studied in order to understand 
ageing more fully. Most strikingly, there was no evidence for significant 
senescence in the probability of producing twins. 
 
iv) The first estimate of the strength of natural selection on parasite resistance in a 
longitudinally-monitored population provided evidence for positive selection on 
parasite resistance in lambs but not adults. Selection in lambs also varied across 
environmental conditions, being stronger in years of more favourable conditions. 
 
v) Analysis of associations between estimates of parasite burden and antibody 
responses showed that an estimate of parasite burden was not correlated with either 
a general or parasite-specific antibody response. However, antibody responses 
were positively correlated, and there was some evidence for a genetic correlation 
between the two in lambs but not adults. 
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Parasitism is one of the most successful life-history strategies that have ever evolved, and indeed 
the majority of living organisms are parasites (Hudson et al., 2002). Parasites have a major 
impact on human populations, with direct effects in terms of mortality and morbidity, and 
indirect effects such as the economic costs of parasites of crops and livestock. For instance, it 
has been estimated that 2 billion people worldwide are infected with parasitic helminths (Colley 
et al., 2001), and in the UK sheep industry alone helminth infections are estimated to cause 
productivity losses worth £84 million and the spending of another £70 million on anthelmintic 
drugs (Nieuwhof & Bishop, 2005; Jackson et al., 2009a). Parasites and emerging diseases also 
have a large impact on wild animal populations, with important consequences for wildlife 
management and conservation (Cleaveland et al., 2002; Pedersen et al., 2007; McCallum et al., 
2009). Knowledge of the impacts of parasites and host-parasite interactions is far less detailed in 
wildlife populations than in humans or domesticated animals, and so studies of the causes and 
consequences of variation in parasite infections in natural populations are vital.  The results of 
such studies are likely to have important implications for human and wildlife populations, and 
study in natural settings will complement experimental work to provide a clearer picture of host-
parasite interactions in nature.  
 
The aim of this thesis is to investigate the associations between macroparasite infection and 
variation in host life-history traits in the free-living Soay sheep (Ovis aries) population on the 
islands of St Kilda, NW Scotland. The population has been studied for over twenty years, and 
has collected detailed longitudinal data on life-history traits, morphometric measurements, 
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parasite infections, and environmental conditions; a detailed pedigree has also been constructed 
(Clutton-Brock & Pemberton, 2004).  The parasite species infecting individuals in the population 
have been well-characterized, the most prevalent of which are the strongyle nematodes (Wilson 
et al., 2004), a group of gastrointestinal macroparasites which are responsible for the economic 
losses in domesticated sheep described above. An inverse estimate of individual parasite 
resistance is gained from faecal egg counts (FEC), the number of parasite eggs found per gram 
of sheep faeces, which is a commonly used estimate of parasite resistance in domesticated 
populations (Sayers & Sweeney, 2005). FEC is repeatable among individuals and has significant 
additive genetic variance in this population (Coltman et al., 2001a; Beraldi et al., 2007), and its 
use as a measure of parasite resistance is discussed in section 1.5.5 and in chapter 5. 
 
Associations between FEC and survival, morphometrics, and seasonality have been relatively 
well-studied in the Soay sheep population. However, several gaps remain in our knowledge of 
the associations between parasites and host life-history variation, and the objective of this thesis 
is to attempt to fill some of these gaps. Associations between ageing and parasite resistance are 
poorly understood, including the factors associated with early development of parasite resistance 
and the effects of senescence on parasite resistance in later life. The effect of senescence on 
reproductive performance has yet to be studied, and nothing is known about the impact of 
parasites on senescence in such traits in this or any other natural population. Natural selection on 
morphometric traits has been investigated in this population, but there are no estimates of the 
strength of natural selection on parasite resistance in this or in any other wild population. 
Finally, it is unknown how apparent resistance to parasites is related to investment in immune 
function in this population. All of this is investigated in a food-limited population experiencing 
heterogeneous environmental conditions, the importance of which will also be determined.  
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This introductory chapter reviews the literature that has inspired the lines of investigation in this 
thesis. Firstly, I discuss the current understanding of the distribution of macroparasites in natural 
populations, and some of the major sources of the observed variation in parasite resistance 
among hosts, with particular reference to the Soay sheep of St Kilda. I then describe work on 
aspects of the host-parasite relationship in natural settings, and in particular the effects of 
parasites on hosts in terms of population regulation and effects on individuals. I briefly discuss 
the emerging field of wild immunology, and how measures of immune function can inform the 
observed interactions between hosts and parasites. Finally, I introduce the study system and the 
methods of data collection. 
 
1.1 The distribution of macroparasites 
 
Multicellular parasites such as helminths and arthropods, often referred to as macroparasites, are 
rarely randomly distributed amongst hosts. Even within host species and populations, the usual 
pattern is one of aggregation, with the majority of hosts harbouring few parasites, and a few 
hosts harbouring the majority of parasites in the population (Anderson & May, 1978; Shaw & 
Dobson, 1995). Parasite burdens are therefore highly variable, with variation in factors both 
extrinsic and intrinsic to the host contributing to individual parasite counts (Wilson et al., 2002). 
Extrinsic effects are largely environmental, and related to exposure to parasites, while intrinsic 
factors refer to heterogeneity in parasite burden associated with behavioural, hormonal, genetic, 
and condition-based differences in resistance between individuals. This right-skewed distribution 
of parasite counts is referred to as overdispersion, and is characterized by a variance to mean 
ratio of greater than one (Crawley, 2007). Such distributions present problems when performing 
statistical analysis of parasite count data using traditional parametric methods, a problem which 
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has conventionally been accounted for by log-transforming parasite count data so that it 
approximates a normal distribution. However, the use of generalized linear models (GLMs) has 
been strongly advocated (e.g. Wilson & Grenfell, 1997), with analysis using negative binomial 
error distributions consistently shown to out-perform data analysed using parametric tests on 
log-transformed data (e.g. Wilson et al., 1996; Shaw et al., 1998). The negative binomial 
distribution does not always best describe parasite count data (e.g. Stear et al., 2006), and so 
other techniques have been explored (e.g. Elston et al., 2001; ver Hoef et al., 2007). However, 
the negative binomial distribution within the GLM framework and its extensions is now the most 
frequently used approach for analyzing parasite count data in natural populations (Paterson & 
Lello, 2003). The statistical issues associated with parasite count data are discussed more 
specifically in chapters 2 and 3.   
 
1.2 Causes of variation in parasite burden 
 
One of the central aims of epidemiology, ecology, and evolutionary biology is explaining the 
sources of variation in infection intensities within and between individuals and populations, and 
determining the aspects of host phenotype which are associated with parasite resistance 
(discussed extensively in Wilson et al., 2002). Below, I will briefly outline some of the most 
important sources of variation and highlight their relevance to the Soay sheep of St Kilda. 
 
1.2.1 Spatial and temporal variation 
 
The majority of natural habitats are highly heterogeneous, with spatial and temporal variation in 
macro- and micro-climate, levels of competition, nutrients, and shelter. Animals are usually not 
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static, exhibiting some form of territorial behaviour or home-ranging, and so only sample a small 
proportion of the habitat available to the whole population. These factors mean that individual 
exposure to parasites is likely to differ across spatial and temporal scales. One of the most 
important sources of variation is host population density, with the expectation that the 
probability of infection with a directly transmitted parasite should increase with the rate of 
contact with conspecifics, and therefore that host populations at higher density should 
experience higher levels of parasitism (Arneberg et al., 1998; Morand & Poulin, 1998; Telfer et 
al., 2007; Lindsey et al., 2009; Radwan et al., 2010). 
 
 As well as changing between years, environmental conditions may be highly variable within 
years, and many studies have shown intra-annual variation in parasite species richness and 
infection intensity (Telfer et al., 2007; Simões et al., 2010; Turner et al., 2010). The mechanisms 
determining seasonal changes in parasitism include climatic variation and host and parasite 
phenology (Hawley & Altizer, 2011), and have been particularly well-studied in domestic sheep, 
which, although managed, are subject to changes in environmental conditions out on the pasture. 
The greatest seasonal change in nematode parasite burdens in domestic sheep is the peri-
parturient rise (PPR), an increase in infection intensity which occurs around the lambing period 
(Kassai, 1999), and which is explained by both host and parasite biology. Females carrying 
lambs are thought to be immunosuppressed in order to avoid rejection of the lamb (Barger 1993; 
Huntley et al., 2004), and they are also of lower nutritional status due to the demands of 
pregnancy and lactation; these factors result in females being less resistant to helminths 
(Houdijk, 2008). Meanwhile, nematode parasite larvae arrest development either on the pasture 
or in the host gut mucosa in response to changing environmental conditions (Michel et al., 1974; 
Langrova et al., 2008). The reactivation of these arrested larvae results in large increases in 
infective stages on pasture and fecundity of worms already infecting sheep, and so exposure and 
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FEC both increase around the early spring (Uriate et al., 2003). This pattern is observed in St 
Kilda Soay sheep, with an additional peak of infection later in the year when worms infecting 
lambs mature and begin shedding eggs onto pasture (Gulland & Fox, 1992; Wilson et al., 2004).  
 
The above factors result in variation in exposure in time, and are large-scale effects that 
influence the whole population, but it is also known that heterogeneity in microhabitats can 
affect exposure within the population, and cause variation in the prevalence or intensity of 
infection across spatial scales (e.g. Byers et al., 2008; Osnas et al., 2009). For instance, if 
development of nematode larvae on pasture requires moisture, it is expected that transmission of 
these parasites in moister areas of a habitat should be higher (O’Connor et al., 2006). Variation 
in exposure across temporal and spatial scales can therefore result in individuals with different 
infection histories and account for some of the variation seen within and between populations in 
parasite species richness, prevalence, and infection intensities. 
 
1.2.2 Host sex 
 
One of the host traits most strongly linked to variation in prevalence and intensity of infection is 
host sex, with intersexual differences in behaviour, life history strategy, and investment in 
resistance all implicated, and males usually experiencing higher parasitism (Zuk & McKean, 
1996). A simple explanation for this pattern is that males are larger, and therefore represent 
larger targets for parasites (Arneberg, 2002; Harrison et al., 2010). Another explanation is that 
since investment in immunity is costly, resource allocation strategies may differ between the 
sexes, with males investing higher levels in, for instance, reproductive effort, and females 
investing more in parasite resistance. The endocrine system is known to interact with the 
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immune system, and it has been shown that a variety of hormones are associated with 
immunosuppression costs (Klein, 2004). Testosterone in particular has been has been implicated 
in changes in behaviour and physiology which increase susceptibility to infection and reduce 
parasite resistance (e.g. Seivwright et al., 2005; Grear et al., 2009).  
 
There is a male sex bias in infection with gastrointestinal nematodes in St Kilda Soay sheep, 
with males exhibiting higher prevalence and intensity of infection (Gulland & Fox, 1992). There 
is pronounced adult size dimorphism, with females around two-thirds the body weight of males 
(Clutton-Brock et al., 1996; Milner et al., 1999a), but dimorphism in lambs is relatively low, 
with males only 4% heavier on average at birth and not significantly heavier at four months of 
age (Clutton-Brock et al., 2004a). Despite this, at just ten weeks of age, FEC is on average 60% 
higher in males than females, and by six months of age, male FEC is double that of females 
(Wilson et al., 2004). Hence, body size cannot fully explain this male bias, and an experimental 
study on a mainland domesticated population of Soay sheep has implicated differences in 
allocation to immunity (Gulland, 1991). Naïve lambs of both sexes received a dose of 1400 
larvae of the gastrointestinal nematode Teladorsagia circumcincta; after 28 days, sheep were 
euthanized and it was found that a higher proportion of larvae survived to adulthood in males 
than in females (Gulland, 1991). Thus, as in many systems, it seems that male Soay sheep have 
lower resistance, and therefore may experience a greater cost of parasite infection than females. 
 
1.2.3 Host age and senescence 
 
In natural vertebrate populations, the typical pattern of age-specific change in phenotypic traits is 
a bell-shaped curve, with low performance in early life, a peak in middle age, and a decline 
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during old age (for recent examples see Bouwhuis et al., 2009; Nussey et al. 2009a; Lecomte et 
al., 2010; Sharp et al., 2010). Studies of parasite infection intensity and parasite resistance have 
tended to focus on the first half of this curve and the development of parasite resistance during 
the early part of life, as well as the differences between juveniles and mature adults. A common 
finding is for juveniles to show higher prevalence or infection intensities than adults (e.g. 
Isomursu et al., 2006; Chylinski et al., 2009), and this is the pattern observed in St Kilda Soay 
sheep (Craig et al., 2008). This pattern may be explained by differences in behaviour and 
exposure between juveniles and adults or development of resistance in adults (Wilson et al., 
2004). However, changes in parasite resistance across adult ages are rarely studied.  
 
Evolutionary theory predicts that life-history traits should show declines in late life (senescence), 
since natural selection weakens with age and so there is weaker selection against deleterious 
mutations with late-life effects (Medawar, 1952; Williams, 1957; Hamilton, 1966; Kirkwood, 
1977). Hence, theory predicts that individuals should become more susceptible to infection and 
have lower immune function in old age, a phenomenon which is well-established in the medical 
literature (e.g. Pawalec, 1997; Gavazzi & Krauze 2002; Gruver et al., 2007), but studies of 
senescence in parasite resistance or immune function in natural populations are rare. This may 
be due to several reasons: the assumption that ageing does not occur because animals die due to 
predation, disease or starvation before they show senescence (Rose, 1991; Hayflick, 2000); the 
difficulty of collecting sufficient data from the oldest age classes; or the difficulty of longitudinal 
sampling of individuals in order to make accurate observations about the way in which traits 
change with age (Nussey et al., 2008). The issues associated with testing for within-individual 
ageing are discussed in detail in chapters 2 and 4.  
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Most studies of parasite resistance and ageing tend be cross-sectional studies on a global 
measure of immune function indicative of the overall strength of the immune response. Findings 
have been mixed, with some studies showing that measures of immune function decline in old 
age (e.g. Cichon et al., 2003; Lozano & Lank, 2003; Saino et al., 2003; Haussmann et al., 2005; 
Palacios et al., 2007) , and some finding an increase in performance or stasis (e.g. Palacios et al., 
2007; Lecomte et al., 2010). It is difficult to make predictions based on these studies, since they 
examine population- rather than individual-level trends and use a variety of measures of immune 
function, some of which have been heavily criticised (e.g. Adamo, 2004; Bradley & Jackson, 
2008). In section 1.4 I will discuss some of the issues to be considered when studying immune 
responses in natural populations. 
 
1.2.4 Host genetics and behaviour 
 
The phrase ‘genetically resistant’ is often used to explain why hosts differ in their susceptibility 
to parasite infection, and indeed it has been shown that certain genetic loci, strains, or 
heterozygosity levels are associated with enhanced parasite resistance (e.g. Duncan & Little, 
2007; Auld et al., 2010; Radwan et al., 2010). It is, however, difficult to gain estimates of 
additive genetic variance and the potential for evolution of such traits in natural populations, 
since it requires detailed sampling of natural variation in parasite resistance and knowledge of 
the relatedness of individuals. In some human populations, this data has been collected, and it 
has been shown that measures of susceptibility and resistance may have a strong additive genetic 
basis (e.g. Quinnell, 2003; Cuenco et al., 2009). In domestic sheep populations, resistance to 
gastrointestinal nematodes is estimated from faecal egg counts (FEC), or the number of parasite 
eggs per gram of faeces. Quantitative genetic analysis of FEC and antibody responses have 
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shown that both have a significant additive genetic component (Bishop et al., 1996; Stear et al., 
1996; Stear et al., 1999; Strain et al., 2002; Stear et al., 2009), and FEC is used as a target trait 
in selective breeding for enhanced parasite resistance in domesticated populations (Sayers & 
Sweeney, 2005). Longitudinal blood and faecal sampling, and a detailed pedigree, have allowed 
similar studies on the genetics of parasite resistance in Soay sheep to be examined.  
 
FEC in Soay sheep has a significant additive genetic basis (Coltman et al., 2001a; Beraldi et al., 
2007). It has also been shown that certain MHC alleles are associated with high or low FEC 
(Paterson et al., 1998), that less heterozygous sheep have higher FEC (Coltman et al., 1999a), 
and that certain genetic loci are significantly associated with FEC (Coltman et al., 2001b; 
Beraldi et al., 2007). Recent studies have also found negative genetic correlations between FEC 
and body size, suggesting that genetically resistant individuals are larger and are likely to have 
higher fitness (Coltman et al., 2001a; Robinson et al., 2009). Genetic differences do not only 
influence immunity or resistance to parasites, but also individual behaviour. A study of grazing 
behaviour in this population showed that females with lambs avoided parasitized but more 
nutritious areas of forage more than barren females, suggesting that the response to the trade-off 
between nutritional value of forage and likelihood of parasite infection changes with host state 
(Hutchings et al., 2002). These observations suggest that FEC may be used as an estimate of 
individual parasite resistance (discussed further in section 1.5.5 and chapter 5). 
 
1.2.5 Maternal effects 
 
Associations between maternal phenotype and aspects of offspring phenotype not due to genetics 
or heritable variation (maternal effects) may determine offspring fitness and impact evolutionary 
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dynamics in natural populations (Mousseau & Fox, 1998; Marshall & Uller, 2007; Rasanen & 
Kruuk, 2007). Maternal effects including maternal infection status, circulating antibody levels, 
and condition, may influence offspring immune function and parasite resistance in early life 
(reviewed by Grindstaff et al., 2003); such effects may even persist into adult life (Reid et al. 
2006). For instance, in a study of pied flycatchers (Ficedula hypoleuca), it was found that 
exposing mothers to bacterial antigen before egg laying resulted in increased offspring antibody 
production, which was interpreted as mothers preparing offspring for a high probability of 
infection when they hatched (Grindstaff et al., 2006). However, a study of great tits (Parus 
major) reported that natural variation in maternal antibody levels did not correlate with nestling 
size, antibody production, or tolerance to parasites, and concluded that factors other than 
antibodies were the most important determinant of early parasite resistance (Tschirren et al., 
2009). Similarly, a laboratory study of Japanese quail, which injected antibodies into egg yolk 
sacs, found that there was no effect of antibody supplementation on nestling antibody levels, and 
that adult antibody levels were only correlated with levels as a juvenile, indicating that post-
hatching priming of immunity was more important than pre-hatching effects (Addison et al., 
2010).  
 
As well as maternal infection status or antibody production, it is thought that maternal condition 
is of great importance, since antibody production is potentially energetically expensive. A study 
on Ural owls (Strix uralensis) showed that supplementary feeding of mothers increased maternal 
condition and antibody production, as well as that of their offspring, suggesting that antibody 
provisioning by mothers is a passive process that is dependent on maternal condition (Karell et 
al., 2008). Although they show different and sometimes contrasting results, the above studies 
have one thing in common: they are all studies of birds, which can be reliably caught at nest 
boxes and are easy to manipulate experimentally. Given their particularly high levels of maternal 
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investment, maternal effects are likely to be equally or even more important in mammals. 
However, maternal effects on parasite resistance in wild mammals have rarely been studied (but 
see Kristan, 2004), since they are difficult to reliably capture and re-capture in order to perform 
the necessary assays.  
 
1.3 The impact of parasites on natural populations 
 
In the preceding section, I discussed sources of heterogeneity in levels of parasite burden and 
parasite resistance, with a particular emphasis on studies of natural populations. However, in 
order to understand the dynamics of host-parasite systems across individual life histories and 
evolutionary timescales, it is essential to understand how parasites affect host fitness, behaviour 
and resource allocation strategies. Theoretical studies over 30 years ago revealed the potential 
for parasites to regulate host population dynamics (Anderson & May, 1978; May & Anderson, 
1978), and yet there are very few field studies showing that parasites can do so (Tompkins et al., 
2002). Hudson et al. (1998) showed that population crashes of red grouse (Lagopus lagopus 
scoticus) occurred in control populations, but not in populations treated with anthelmintic drugs, 
suggesting that mortality in population crashes was the result of infection with the 
gastrointestinal nematode Trichostrongylus tenuis. A recent experimental study on two species 
of free-living mice (white-footed mice Peromyscus leucopus and deer mice P. maniculatus) 
studied the simultaneous effects of food supplementation and parasite removal on host mortality 
and seasonal population crashes (Pedersen & Grieves, 2008). Populations that were either treated 
with anthelmintic or given additional food showed population crashes of reduced magnitude 
compared to a control population with natural food levels and parasites present; however, 
crashes were absent in the population that received anthelmintic treatment and food 
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supplementation (Pedersen & Grieves, 2008). This suggests that heterogeneity in resource 
acquisition and availability may be crucial in determining the effects of parasites on hosts, an 
observation which is particularly pertinent to understanding host-parasite interactions in 
resource-limited natural populations.  
 
Many experimental and observational studies have shown that parasites can reduce the survival 
prospects of individual hosts (e.g. van Oosterhout et al., 2007; Shuepbach & Baur, 2008; 
Devevey & Christe, 2009), but they do not consider the fact that parasite resistance may be as 
costly as parasite infections (Colditz, 2008). The costs of resistance and infection can only be 
studied together by measuring the full range of natural variation in parasite infection intensity 
and its association with host fitness. A study of blue tits has shown a non-linear association 
between infection intensity with the blood parasite Haemoproteus majoris and host survival, 
with birds harbouring moderate parasite infection intensities showing higher survival than those 
with lower or higher burdens (Stjernman et al., 2008), suggesting that hosts that invest some but 
not all of their resources into parasite resistance have the highest survival (Viney et al., 2005). In 
other cases, parasites may not have a direct effect on host mortality, but they may have important 
effects on other traits such as body condition or reproductive performance that may negatively 
influence host fitness. It has been shown that gastrointestinal nematodes can have adverse effects 
on wild ungulates, with reindeer (Rangifer tarandus) treated with anthelmintics showing heavier 
carcass weight and back fat depth at culling, which was associated with a higher probability of 
pregnancy (Stien et al., 2002). Similarly, an experimental study on wild hares found that 
anthelmintic-treated females were in better condition upon culling, and were more fecund than 
untreated females (Newey & Thirgood, 2004).  
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To date, the effects of parasites on the fitness of Soay sheep have been examined in three 
experimental studies, all of which analysed effects of anthelmintic treatment on over winter 
survival. In the first, anthelmintic treatment was administered to 52 sheep in the August of 1988, 
and was shown to have no effect on survival to the spring of 1989, with 44/52 sheep dying, 
compared with 34/40 control animals; however, it was shown that treated lambs and female two-
year olds survived for longer into the winter (Gulland, 1992). In a second, similar, experiment 
over the winter of 1991/92, treated female lambs and male yearlings had a significantly higher 
probability of survival than untreated controls, although treatment had no effect in female 
yearlings (Gulland et al., 1993). Finally, a recent study examined factors influencing the survival 
of young adults (two-year-olds), and found that anthelmintic treatment had no effect on survival 
(Craig et al., 2009). The results of these studies show that effects on survival may differ across 
environmental conditions, and across years, although all three of these were winters of 
exceptionally high mortality. However, although they establish causal effects of parasites on host 
fitness, they do not assess the associated cost of immunity, as detailed above. No study has 
tested for complex associations between parasite resistance and fitness in Soay sheep, but it has 
been shown that FEC is negatively associated with overwinter survival in a linear fashion 
(Coltman et al., 1999a), and it has been speculated that parasite infection may be a factor 
underlying positive selection on body weight (Milner et al., 1999a).  
 
1.4 Wild immunology 
 
At the interface of host and parasite is the host immune system, and it is only by understanding 
how host immunity regulates and is regulated by parasites that observations on phenotypic traits 
such as parasite burden, host resistance, and tolerance can be understood (Bradley & Jackson, 
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2008; Raberg et al., 2009; Graham et al., 2011). Although the epidemiology, population 
dynamic consequences, and causes of variation in wildlife diseases have been and are continuing 
to be relatively well-studied (Grenfell et al., 2002), immune responses in natural vertebrate 
populations are extremely poorly characterised. Studies of immune responses in wild animals 
could aid understanding of human immunology, since these are more similar to the majority of 
human populations where helminth infections are endemic than are studies of genetically 
uniform laboratory animals that are infected with only one parasite and fed ad libitum  (Pedersen 
& Babayan, 2011). The differences between wild populations and laboratory model systems 
have been illustrated in a study of wild and laboratory mice (Mus musculus), which showed that 
compared with laboratory counterparts, wild mice had higher antibody levels and more activated 
leukocytes, including T helper cells, B cells, dendritic cells and macrophages; responses were 
also more variable among wild mice (Abolins et al., 2011). Some field studies on human 
populations in endemic areas have been able to analyse the immunology of natural infections in 
resource-limited populations (reviewed in Jackson et al., 2009b; McSorely et al., 2010; Supali et 
al., 2010; Bourke et al., 2011), but such studies are by no means numerous.   
 
In wild animal populations, studies of ‘ecological immunity’ have used a variety of global assays 
in order to estimate the strength of host immune responses, and shown with great effect that 
measures of disease resistance can be influenced by a number of factors, including maternal 
effects, reproductive investment, and ageing (e.g. Lozano & Lank, 2003; Palacios et al., 2007; 
Arriero et al., 2009). Birds are by far the most commonly studied wild populations in this 
respect, due to ease of capture and manipulation, and several assays for assessment of immune 
function are used. The most widely used is perhaps the phytohaemagglutinin (PHA) test, where 
PHA, a toxic protein produced by legumes, is injected into the wing web, and the thickness of 
the subsequent swelling measured. PHA is a mitogen to many vertebrate cell types, and provides 
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an indicator of the proliferative response of circulating T lymphocytes (Smits et al., 1999). 
However, it is still unclear whether the test is a useful indicator of investment in acquired 
immunity which is meaningfully related to host condition, or whether it is reflective of an innate 
response to tissue damage (Kennedy & Nager, 2006). The test has also been criticised because it 
is unclear how it is related to parasite-induced immune responses, which may be extremely 
specific in different host-parasite interactions (Owen & Clayton, 2007). These criticisms have 
led to the call for the use of more specific measures of immune responses, which are reflective of 
individual physiological state and have meaningful relationships with parasite infection intensity 
and/or measures of host fitness (Bradley & Jackson, 2008). It has been recommended that 
studies should identify the most ecologically relevant parasites, and immune responses specific 
to that parasite can then be assayed alongside more general measures in order to understand the 
host-parasite interaction, with the immunological literature as a guide (Adamo et al., 2004; 
Graham et al., 2011; Pedersen & Babayan, 2011).  
 
Longitudinal studies with the potential to collect such data will be extremely important in 
advancing this area of research. In the first study of its kind in a natural population, Graham et 
al. (2010) assayed anti-nuclear antibody (ANA), a natural autoantibody commonly implicated in 
human autoimmune disease (Arbuckle et al., 2003; Smee et al., 2007), but also involved in 
normal immune function (Dighiero & Rose, 1999). Associations between ANA and other 
measure of immune function were measured in a subset of the highest ANA responders, and it 
was found that ANA was positively associated with immunoglobulin (Ig)G, antibodies to 
ribonucleoprotein, and antibodies to T. circumcincta, the most prevalent parasitic nematode in 
the population (Graham et al., 2010). Levels of ANA were also heritable, and were positively 
associated with survival of population crashes and longevity in adult females. Complex 
interactions with reproduction were found, indicating that ANA were negatively associated with 
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reproductive success in males and negatively associated with probability of giving birth in 
females, although in females that did give birth, lamb birth weight was positively associated with 
maternal ANA (Graham et al., 2010). These findings show that longitudinal studies of immune 
function can be used to reveal the importance of immunity in mediating life history trade-offs, 
something which has long been posited (Sheldon & Verhulst, 1996). 
 
1.5 The Soay sheep of St Kilda 
 
In this section, I will describe aspects of the study population and data collection relevant to the 
work undertaken in this thesis. More detail is provided on the relevant data collection and 
biology of the sheep in the introductory sections to each chapter. 
 
1.5.1 Population history 
 
The St Kilda archipelago of the Outer Hebrides, NW Scotland (Figure 1.1), is made up of four 
islands, the two largest of which are Hirta (638 ha) and Soay (99 ha). Historically, Hirta has held 
a human population of around a hundred from as long ago as the Bronze Age, but the population 
began to dwindle in the late nineteenth century due to emigration and was evacuated at the 
inhabitants’ own request in 1930 (Campbell, 1974). Soay remained unpopulated by humans, but 
a population of free-living sheep (Ovis aries; Figure 1.2) has inhabited the island for several 
thousand years (Clutton-Brock & Pemberton, 2004). They resemble the earliest domesticated 
sheep that spread through Europe and arrived in the Scottish islands around three or four 
thousand years ago, and were abandoned on Soay, where, protected by steep cliffs and rough 
seas, they have lived freely ever since (Clutton-Brock & Pemberton, 2004). In 1932, 107 sheep 
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were moved from Soay to Hirta (65 ewes, 22 tups, and 20 castrates), from which the current 
population on Hirta has grown. The current study began in 1985, and the island population has 
varied between 800 and 2000 individuals during that time. Intensive study focuses on the 
population inhabiting an area of the island known as Village Bay, which covers approximately a 
third of the island’s area and contains around a third of its sheep. 
 
Figure 1.1: The islands of the St Kilda archipelago. The focus of the study is on 
individuals frequenting the Village Bay area of Hirta (outlined with grey shading). Map 
from Clutton-Brock & Pemberton (2004).  
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1.5.2 Data collection 
 
Fieldwork takes place in three seasons (for full details, see Clutton-Brock & Pemberton, 2004). 
In each season, ten censuses of the Village Bay study area are conducted in order to account for 
the survival and location of known individuals. The first of these is from March until early May, 
the main purpose of which is to account for and identify sheep which have died over winter, and 
to catch lambs. During lambing, there is no interference with the birthing process, which is 
entirely natural. Every spring, around 95% of lambs born in the Village Bay population are 
caught, mostly within a week of birth. Each lamb is sexed, weighed, blood sampled and given an 
individual identification tag, and so every sheep frequenting the core study area is individually 
recognisable; the tag is applied by removing an ear punch which is later used for genotyping. 
Maternities are assigned on the basis of behavioural interactions between lambs and ewes, and 
paternity is assigned using a pedigree constructed using Bayesian methods in the R package 
MasterBayes (Hadfield et al., 2006). Paternity assignment is based on a combination of 
microsatellite and allozyme markers; fixed effects of horn type and age are included in the 
model since both are associated with reproductive success; paternity is assigned to a sire if that 
sire is predicted in at least 80% of the samples of the posterior distribution of the pedigree 
(Morrissey et al., submitted). The second period of data collection is in August, when around 
60% of individuals in the Village Bay population are captured by driving sheep into net corrals. 
Morphometrics are measured in each sheep, including weight, hind and fore leg length, horn 
type, horn length, horn circumference, and scrotal circumference. The majority of sheep are 
sampled for blood and faeces, ectoparasites are counted, and females are checked for the 
presence of milk. In addition to this, a count of sheep across the entire island is conducted. 
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Finally, in November, females are in oestrus and males compete for matings, in the period 




Figure 1.2: Soay sheep are small, relative to other wild sheep and to early domestic 
sheep, with females reaching up to 30kg and males up to 45kg. Top: adult female and 
untagged lamb, aged around three months; above: adult male, showing large, curved 
horns; both photographed in August 2008. Photographs courtesy of Arpat Ozgul.  
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1.5.3 Population dynamics and mortality 
 
The population exhibits highly unstable population dynamics, with severe fluctuations in 
population size from year to year (Figure 1.3). These fluctuations are caused by annual variation 
in over-winter mortality (Clutton-Brock et al., 1991), with annual differences in weather, 
population density, and demography all contributing (Catchpole et al., 2000; Coulson et al., 
2001; Coulson et al., 2008).  
Year
















































Figure 1.3: The population of the Village Bay study area (open symbols, black lines) 
shows marked fluctuation from year to year, although there has been an overall 
increase in population size since the study began (red line showing linear regression). 
Both of these aspects of the Village Bay population are reflected in the population size 
of the whole island of Hirta (filled grey symbols, grey lines). 
 
 
Soay sheep are reproductively active from their first year, may reproduce in every year of their 
lives, and females may produce twins, and so the population increases very rapidly before 
exceeding carrying capacity and experiencing high mortality (Grenfell et al., 1992; Clutton-
Brock et al., 1997; Clutton-Brock & Coulson, 2002). Years of particularly high mortality are 
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often referred to as ‘crashes’, and are also characterized by poor condition of survivors, who lose 
more body weight than in normal winters (Clutton-Brock et al., 1991). During crashes, the 
overall mortality rate can be as high as 69%, but mortality is particularly high in lambs and adult 
males, reaching up to 95% and 86% respectively; mortality in adult females is generally low, 
although can be as high as 30% in extreme years (Clutton-Brock et al., 1992). These winters 
may be considered periods of great physiological stress to individuals, with possibly far-reaching 
consequences for subsequent fitness.   
 
1.5.4 Reproduction and life history 
 
The reproductive cycle of Soay sheep begins during the rut in November. Individual females 
come into oestrus for between one and four days, and are regularly inspected by males until they 
do so (Clutton-Brock et al., 2004a). Males compete for dominance in head-butting contests, with 
heavy-bodied, long-horned males enjoying the greatest success within individual breeding 
seasons (Preston et al., 2003; Robinson et al., 2006). Both males and females may be sexually 
mature in their first year, and although rapid early development and reproduction carries 
potential fitness benefits, there is also a cost in terms of reduced survival if environmental 
conditions are unfavourable (Stevenson et al., 1995; Tavecchia et al., 2005; Robinson et al., 
2008). The gestation period is around 21.5 weeks (Clutton-Brock, 2004), and the majority of 
lambs are born in April. Most are single births, but depending on the prevailing environmental 
conditions and female condition, 2 - 23% of litters may be twins (Clutton-Brock et al., 1991). 
Twins are born lighter and have lower subsequent fitness than singletons, but female fitness is 
maximized by producing twins in all but the least favourable conditions (Wilson et al., 2005a; 
2009). Lambs suckle until early summer, when they are weaned and are essentially independent. 
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This period of growth is critical since survival of the first winter is highly dependent upon lamb 
weight entering winter (Clutton-Brock et al., 2004a), and maternal phenotype appears extremely 
important, since lamb survival is associated with maternal body weight (Clutton-Brock et al., 
1996).  
 
Males have shorter lifespan than females, both in terms of mean and maximum; mean 
longevities for adults surviving past their first winter are approximately 3.5 for males and 6.5 for 
females (calculated from all individuals of known birth and death date), and the oldest recorded 
males and females were 11 and 16 years old respectively. This difference in life span can be 
accounted for by the high cost of male reproductive effort, since experimentally castrated males 
were shown to take no part in the rut and lived for a maximum of almost seventeen years 
(Jewell, 1997).   
 
1.5.5 Parasitology of Soay sheep  
 
The sheep are infected with a range of macroparasites, with 13 species of helminth recorded in 
the population as well as arthropods (Table 1.1); the microparasite fauna comprises numerous 
species of protozoa, but bacterial and viral pathogens have yet to be characterized. The most 
prevalent and abundant macroparasites are the gastrointestinal strongyle nematodes 
Teladorsagia circumcincta, Trichostrongylus axei, and Trichostrongylus vitrinus. These 
parasites exhibit a direct life cycle which is completed in around 18 days: adult T. circumcincta 
and T. axei inhabit the sheep abomasum (4
th
 stomach), while adult T. vitrinus inhabit the small 
intestine; adults shed eggs into the intestinal lumen, from where they are deposited on the 
pasture in sheep faeces; the eggs hatch and undergo two larval moults; the third larval stage is 
CHAPTER 1  GENERAL INTRODUCTION 
 24
ingested by grazing sheep; larvae undergo two more moults in the abomasal mucosa before 
developing into mature adults, mating, and producing eggs (Kassai, 1999). These species, and 
others, are associated with parasitic gastroenteritis (PGE), characterized by damage to the 
abomasal wall which detrimentally affects protein absorption; such effects have been seen in 
sheep dying over winter on St Kilda (Gulland, 1992).  
Taxon Species Location 
Apicomplexa Cryptosporidium parvum Small intestine 
 Giardia duodenalis Small intestine 
 Eimeria spp.
a
 Small/large intestine 
Arthropoda Melophagus ovinus Wool 
 Damalinia ovis Wool 
Platyhelminths Moniezia expansa Small intestine 
 Taenia hydatingena Abdominal cavity 
Nematoda Dictyocaulus filaria Lungs  






 Abomasum/small intestine 
 Trichostrongylus vitrinus
c
 Abomasum/small intestine 
 Capillaria longipes Small intestine 
 Strongyloides papillosus
c
 Small intestine 
 Nematodirus battus Small intestine 
 Nematodirus filicollis Small intestine 
 Nematodirus helvetianus Small intestine 
 Bunostomum trigonocephalum
c
 Small intestine 
 Trichuris ovis Large intestine 
  Chabertia ovina
c
 Large intestine 
a
11 species, not listed for brevity; details may be found in Craig et al. (2007) 
b
Previously Osertagia; worms previously classified as T. trifurcata and T. davtiani are recognised 
as T. circumcincta (Grillo et al., 2008). 
c
Strongyle nematodes, the most prevalent and abundant species; eggs from these species are 
counted together to provide the strongyle faecal egg count (FEC), an estimate of parasite 
resistance. 
 
Table 1.1: The parasite species recorded on from St Kilda Soay sheep. Adapted from 
Wilson et al. (2004); Craig et al. (2007). 
 
Although direct counting of worms in dead sheep has been undertaken on St Kilda, (e.g. 
Gulland, 1992; Craig et al., 2006), a non-invasive estimate of parasite numbers is also gained by 
counting parasite eggs in faecal samples using the McMaster egg counting technique (M.A.F.F., 
1986). Faecal samples are collected when sheep are captured in August and throughout the year 
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by observing defecation of known individuals (Table 1.2). Strongyle faecal egg count (FEC 
hereafter) includes the three species described above as well as three others; eggs from these six 
species are indistinguishable by eye and so they are counted together. FEC can be tracked across 
individual life histories and temporal scales in order to determine the dynamics of infection 
within individuals and across time. It is positively associated with actual worm number in a 
linear fashion (Gulland, 1992; Wilson et al., 2004), with r
2
 = 0.425 (Grenfell et al., 1995) and 
thus represents a good estimate of the number of worms harboured by individual sheep. FEC of 
individual sheep is likely to be determined in part by variation in extrinsic factors, such as spatial 
variation in exposure and heterogeneity in worm genetics, but these are not measurable, and are 
both assumed to be constant among individuals.  
 
Despite this, several lines of evidence support the use of FEC as an individual-specific measure 
of host parasite resistance. The repeatability of FEC is reasonably high, estimated at 58% in 
females and 42% in males (Wilson et al., 2004), and a significant proportion of this individual 
variance can be attributed to host genotype, since FEC has significant additive genetic variance 
(Coltman et al., 2001a; Beraldi et al., 2007) and several genetic loci are associated with FEC 
(Paterson et al., 1998; Coltman et al., 2001b; Beraldi et al., 2007). Variation in FEC in the study 
population is associated with a number of other individual-level host factors, including sex 
(Wilson et al., 2004), age (Craig et al., 2008; Hayward et al., 2009), and behaviour (Hutchings et 
al., 2002). The high level of individual variation and covariance with phenotypic traits, coupled 
with the knowledge that the sheep immune response regulates both worm number and fecundity 
(Smith et al., 1985; Stear et al., 1995), demonstrate the value of FEC as a non-invasive estimate 
of parasite resistance, and a trait of individual sheep. FEC is used as an estimate of individual 
parasite resistance throughout this thesis, on the assumption that unmeasured environmental 
aspects of exposure and worm genetics are homogeneous between individuals. 
   
  
 Lambs n = 778 Yearlings n = 417 Adults n = 1332 
  Prevalence (%) 
Mean count              
(± 95% C.I.) Prevalence (%) 
Mean count       
(± 95% C.I.) Prevalence (%) 
Mean count             
(± 95% C.I.) 
Strongyles 95 719 ± 50 86 407 ± 48 58 176 ± 14 
Coccidia
a
 99 5788 ± 678 96 1078 ± 100 77 558 ± 44 
Keds
b
 82 3.36 ± 0.24 28 0.29 ± 0.06 12 0.15 ± 0.01 
Nematodirus 32 86.82 ± 11.52 0.5 0.48± 0.66 0.2 0.30 ± 0.46 
Moniezia 15 NA 13 NA 6 NA 
Trichuris 2 3.21 ± 1.99 0.7 0.72 ± 0.81 0.07 0.07 ± 0.15 
Capillaria 0.4 0.38 ± 0.43 3 2.88 ± 1.74 0.6 0.67 ± 0.49 
a




Table 1.2: Summary of faecal egg count (FEC) data collected during August field seasons 1993-2005, showing prevalence and 
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1.6 The objectives of this thesis 
 
The aim of this thesis is to investigate the associations between parasite infection and life-history 
variation in the Soay sheep of St Kilda. In chapter 2 I present the first comprehensive analysis of 
changes in parasite resistance across adult life, considering the effects of age and the cumulative 
experience of environmental conditions across the lives of individuals. This is the first 
longitudinal study to provide evidence of senescence in parasite resistance in a wild population, 
and one of the first to show that lifetime experience of adverse environmental conditions can 
accelerate senescence in a phenotypic trait. In chapter 3 I examine the influence of maternal 
effects and early life performance on parasite resistance in lambs, and show that some of these 
effects may persist long into adult life. In chapter 4 I test for senescence in a variety of female 
reproductive traits, and for effects of parasite infection on reproductive senescence. Despite 
finding that parasite infection has no significant effect on senescence in reproductive 
performance, I show that ageing patterns differ among reproductive traits, emphasising the 
complexity of the ageing process. In chapter 5, I perform the first analysis of natural selection on 
parasite resistance in the Soay sheep, complementing previous experimental work. I show that 
the associations between parasite resistance and host fitness change across ages and 
environmental conditions, identifying changes in selection across these as potential sources of 
the observed variation in parasite resistance typically seen in natural populations. In chapter 6, I 
present the first longitudinal analysis of associations between estimates of parasite infection 
intensity and antibody responses in a wild population. Parasite infection intensities were 
uncorrelated with antibody responses, but different antibody responses were correlated; there 
was evidence for a genetic basis to this correlation. Finally, in chapter 7, I present a general 
discussion of the findings.
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Chapter 2 
Ageing in a variable habitat: environmental stress affects 
senescence in parasite resistance in St Kilda Soay sheep 
 
This chapter has been published as: Hayward, A.D., Wilson, A.J., Pilkington, J.G., 
Pemberton, J.M. & Kruuk, L.E.B. (2009) Ageing in a variable habitat: environmental stress 
affects senescence in parasite resistance in St Kilda Soay sheep. Proceedings of the Royal 
Society of London B- Biological Sciences 276, 3477-3485. 
 
2.1 Summary  
 
Despite widespread empirical evidence for a general deterioration in the majority of traits with 
advancing age, it is unclear whether the progress of senescence is chronologically determined, or 
whether factors such as environmental conditions experienced over the lifespan are more 
important.  We explored the relative importance of ‘chronological’ and ‘environmental’ 
measures of age to changes in parasite resistance across the lifespan of free-living Soay sheep. 
Our results show that individuals experience an increase in parasite burden, as indicated by 
gastrointestinal helminth faecal egg count (FEC) with chronological age. However, 
chronological age fails to fully explain changes in FEC because a measure of environmental age, 
Cumulative Environmental Stress (CES), predicts an additional increase in FEC once 
chronological age has been accounted for. Additionally, we show that in females age-specific 
changes are dependent upon the environmental conditions experienced across individuals’ life 
histories: increases in FEC with age were greatest amongst individuals that had experienced the 
highest degree of stress. Our results illustrate that chronological age alone may not always 
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correspond to biological age, particularly in variable environments. In these circumstances, 
measures of age that capture the cumulative stresses experienced by an individual may be useful 




Biological senescence is a general age-specific decline in physiological condition and fitness 
(Bonsall, 2006). It is manifested in a wide range of traits, from key life-history traits, such as 
age-specific survival and reproductive performance (Monaghan et al., 2008), to aspects of 
cellular physiology such as telomere length (Monaghan & Haussmann, 2006) and oxidative 
damage (Monaghan et al., 2009). The crux of interpreting senescence within an evolutionary 
framework is that the number of surviving individuals in any cohort decreases with age due to 
extrinsic causes of mortality, and so the strength of natural selection declines with age. 
Theoretically, the onset and rate of senescence can be perfectly predicted by an individual’s true 
‘biological’ age, an indicator which would predict the ageing state of an individual better than 
‘chronological’ age (Klemera & Doubal, 2006), which equates to the time since birth in units 
such as days or years. However, chronological age does not take into account additional 
environmental factors which may influence the proximate mechanisms of ageing (Monaghan et 
al., 2008), and which may therefore contribute to an individual’s biological age. It has been 
shown in a number of studies that conditions during early growth and development can have 
profound effects on fitness (e.g. Kruuk et al., 1999) and on the trajectory of senescence in later 
life (e.g. Nussey et al., 2007a; Reed et al., 2008). Environmental conditions can therefore play a 
large role in determining life history trajectories, particularly with reference to senescence. In 
this context, a metric measuring ‘environmental’ age, encompassing the cumulative 
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environmental conditions experienced by an individual across its lifespan, could aid 
understanding of senescence-related changes in key life-history traits, especially in free-living 
systems where individuals are subject to stochastic environments. ‘Biomarkers of ageing’, such 
as telomere length, hormonal changes, and a range of immunological parameters (Simm et al., 
2008), are thought to provide alternative indicators of biological age, but studying such 
parameters in the wild has proven difficult. It is therefore not clear how well alternative 
measures of ageing describe changes in performance across an individual’s lifetime. 
 
Over the last twenty years, a growing body of work has shown that senescence is pervasive in 
wild populations (e.g. Jones et al., 2008), and occurs in a range of traits in organisms including 
insects (Bonduriansky & Brassil, 2005), fish (Reznick et al., 2004), birds (Gustafsson & Pärt, 
1990; Brommer et al., 2007; Keller et al., 2008) and mammals (Beauplet et al., 2006; Nussey et 
al., 2006). Typically, individuals experience declines in survival probability and reproductive 
performance as they age. Susceptibility to infection also increases, through the process of 
immunosenescence, an age-specific deterioration in the efficiency of the immune system 
(Tarazona et al., 2002). This subject has received much attention in the laboratory (see Gruver et 
al., 2007), but there has been limited work in natural populations and especially in mammals 
(but see Festa Bianchet 1989; Festa-Bianchet 1991; Pelletier et al., 2005 for a notable example 
of a longitudinal study of helminth infection in a wild population). Previous work in wild bird 
populations has proven consistent with a decline in aspects of the immune system with age 
(Cichon et al., 2003; Palacios et al., 2007). However, such studies are, as far as we are aware, 
exclusively cross-sectional and as such do not account for the possibility that the observed 
results are due to individual differences, cohort effects, or inter-annual variation. In contrast, use 
of longitudinal data allows separation of within-individual change from between-individual 
heterogeneity (Nussey et al., 2008).  
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The Soay sheep population on St Kilda is the subject of one of the world’s most intensive 
longitudinal studies of a free-living mammal population (Clutton-Brock & Pemberton, 2004). 
Data have been collected for over twenty years on population dynamics, individual life histories, 
parasitism, and environmental variables, and provide a unique opportunity to examine the effects 
of ageing on parasitism. By using individual-based longitudinal data on parasite burdens, we 
attempted to identify how ageing affects resistance to parasites in this population. We use three 
separate indicators of biological age: chronological age in years, and two alternative measures 
indicating an individual’s cumulative experience of the environment, which we term 
‘environmental’ age. The first of these sums the number of years of severe mortality an 
individual has experienced, and the second takes into account environmental conditions 
experienced in every year of life from birth until sampling to assess the impact of lifetime 
environmental experience. We also assess how the environmental conditions experienced by 
individuals across their life histories affect the trajectory of changes in parasitism with 
chronological age. 
Our primary aim was to test, using longitudinal data from a free-living population, for 
senescence in parasite resistance and to describe age-specific changes in parasitism, with the 
hypothesis that individuals will experience increasing parasitism as they age. We also test for 
differences in age-specific parasite infection between the sexes, and predict that males will age 
more rapidly than females (Clutton-Brock & Isvaran, 2007). Secondly, we use chronological and 
environmental measures of age, and examine how they affect parasitism. Finally, we attempt to 
identify how age-specific changes are affected by an individual’s cumulative environmental 
experience. We predict that individuals that have experienced poorer environmental conditions 
will suffer elevated parasitism compared to individuals of the same chronological age that have 
experienced relatively favourable conditions.  




2.3.1 Study population and data collection 
 
The feral Soay sheep population of Hirta (638ha) in the St Kilda archipelago, NW Scotland 
(57º49’N 08º34’W) has existed in a free-living state since 1932, when 107 sheep were moved 
from the neighbouring island of Soay. The current individual-based study began in 1985, since 
when data have been collected on a range of aspects of the population including population 
dynamics, individual life history and morphological traits, and parasitology, as well as a suite of 
environmental measures (Clutton-Brock & Pemberton, 2004). The study focuses on the Village 
Bay area of the island of Hirta, which contains 200-650 sheep, approximately a third of the 
island’s population. The population exhibits unusual dynamics, with periodic over winter 
mortality events (population ‘crashes’) that result in severe reduction in population size (Figure 
2.1; Clutton-Brock et al., 1991; Clutton-Brock et al., 1997). Mortality is determined by a 
combination of population density, demographic structure, winter weather conditions, and low 
food availability (Coulson et al., 2001; Grenfell et al., 1998). 
 
The sheep are parasitized by a number of parasitic helminth species (Wilson et al., 2004), as 
well as ectoparasites and 13 species of parasitic protozoa (Craig et al., 2007). The most prevalent 
parasite species in the population are the gastrointestinal strongyle nematodes Teladorsagia 
circumcincta, Trichostrongylus axei, and Trichostrongylus vitrinus, infections of which are 
associated with overwinter mortality (Gulland, 1992; Craig et al., 2006) and loss of condition as 
indicated by reduced body weight (Craig et al., 2008). Data on infection with these and less 
abundant strongyle species, in the form of faecal egg counts (FECs), have been collected since 
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1988. The McMaster egg counting technique provides an estimate of the number of eggs per 
gram of faeces, and has been shown to be a good index of parasite burden in Soay sheep, both on 
St Kilda and elsewhere (Wilson et al., 2004). In our analyses, we used strongyle FEC as our 
response variable for estimating resistance to parasite infection. 
 
Year
















































Figure 2.1: The St Kilda population inhabits a highly variable environment. The system 
exhibits severe inter-annual fluctuations in population density (black line), where open 
symbols show ‘crash years’, and in first year mortality (grey line), which has varied from 
21% to 98% over the course of the study. 
 
 
2.3.2 Data and variables 
 
Analysis was performed on data collected between 1985 and 2006, comprising 1806 faecal 
samples from 227 females and 683 samples from 70 males. This does not represent the total 
number of FECs available, since we removed a proportion of the full dataset for three reasons. 
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Firstly, lambs and yearlings suffer from extremely high parasite burdens before gradually 
acquiring immunity (Wilson et al., 2004; Craig et al., 2006), and so we excluded all FECs 
collected from individuals younger than the age of two. Secondly, during the history of the 
project, a number of experimental administrations of anthelmintics have been made, and so any 
samples collected less than a year after anthelmintic treatment were excluded from our analyses. 
Finally, we only considered individuals which had died, and for which we had complete life-
history data.  
 
‘Chronological’ age in years was included in all initial models as linear, quadratic and cubic 
terms, in order to test for a curvilinear effect of age on FEC. We also quantified ‘environmental’ 
age, which is an individual’s experience of the environment and an estimate of the amount of 
stress it has experienced up to the point of sampling, using two metrics. Our assumption is that 
conditions experienced immediately before and during a crash are more stressful than those 
experienced immediately following a crash, since adult female sheep show a larger reduction in 
body weight between autumn and March in crash years (Clutton-Brock et al., 1991). The first 
measure of environmental age was given by the number of winter population crashes an 
individual has survived (Figure 2.1) with more crashes equating to more stress. Secondly, we 
used a measure of environmental quality, E, which is the proportion of lambs of a cohort 
surviving for at least one year (Wilson et al., 2006). This value provides an indicator of 
environmental quality based on survival of lambs of both sexes.  
 
Although the factors influencing lamb survival and adult survival are not identical (Coulson et 
al., 2001), factors which negatively influence lamb survival, such as density and winter weather, 
have similar effects on female sheep past their reproductive peak and smaller but detectable 
effects on prime age adult survival (King et al., 2006; Coulson et al., 2008). March rainfall is 
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negatively associated with survival in all age and sex classes (Catchpole et al. 2000). Our 
measure of environmental quality, E, is negatively associated with population density, winter 
weather variables, and March rainfall (A. Hayward, unpublished data), indicating that 
environmental conditions affecting adult survival and performance are similar to those affecting 
senescent and prime-aged female sheep. To gain a measure of environmental stress experienced 
by an individual, this measure was inverted to give the proportion of lambs dying within a year, 
and then summed from the time of an individual’s birth until the time of sampling, giving a 
measure of environmental age, cumulative environmental stress (CES). Since this measure 
accumulates with, and positively covaries with, chronological age, we required an alternative 
measure to predict the influence of environmental conditions across the lifespan on changes in 
FEC. To remove the colinearity between environmental age and chronological age, we took the 
mean of the yearly values of inverted E, and subtracted it from each yearly value. By summing 
these mean-centred values from birth until the time of sampling, we obtained a measure of the 
quality of environment experienced over the lifespan that was age-independent, which we refer 
to as relative environmental stress (RES). Thus, individuals with more positive values of RES 
have experienced a poorer environment than individuals of the same age with more negative 
RES.   
 
An individual’s age at death (longevity) was included as a covariate in all of our analyses, in 
order to account for selective disappearance, the heterogeneity in survivorship of individuals 
which can produce misleading results in longitudinal analysis of age-specific traits (van de Pol & 
Verhulst, 2006). Intra-annual seasonal environmental conditions are likely to have significant 
effects on parasite infection, and so we included a number of variables to account for this 
possibility. Females in particular experience a peri-parturient rise (PPR), an elevation of parasite 
burden around the time of offspring birth (Houdijk, 2008). We considered season of sampling as 
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a factor with two levels: ‘Lambing’ (samples collected in April and May), and ‘Other’ (all other 
months, chiefly August). Population density is similarly influential, generally being positively 
correlated with parasitism (Morand & Poulin, 1998), and so we included Village Bay August 
population density (PD) and previous August population density (PPD) as continuous variables. 
Parasitism is likely to be influenced by climatic conditions, particularly where they have an 
effect on host condition and survival, as they do in this population (Milner et al., 1999b). The 
North Atlantic Oscillation (NAO) is a general measure of climatic conditions, with high values 
indicating warm and wet weather, and low values cool and dry weather, and is commonly used 
in ecological studies (Stenseth et al., 2003). The winter NAO is an average of the monthly NAO 
values for December to March (Gibraltar-Reykjavik index) and here provides a measure of the 
climatic conditions during the winter before sampling. Finally, to test for any temporal trend in 
FEC, and to account for any inter-annual variation not explained by the specific variables 
described above, we included year as a continuous covariate in our analyses. 
 
2.3.3. Statistical analysis 
 
 To test for changes in FEC with indicators of age, we used generalized linear mixed-effect 
models (GLMMs), and all analyses were performed using the GLMM procedure in GenStat 11
th
 
edition (VSN International). We used a negative binomial error structure, in order to account for 
the highly overdispersed nature of parasite data, with few hosts containing the majority of 
parasites (Wilson and Grenfell, 1997). The negative binomial distribution is described by the 
mean and k, a term describing the extent of aggregation (k = µ² / σ² – µ), and we calculated 
separate values for both sexes combined (k = 0.344), females (k = 0.299) and males (k = 0.549), 
indicating that FEC is more uniformly distributed amongst males. We used a log link function, 
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estimated the dispersion parameter for each model, and used the conditional fitting method of 
Schall (1991).    
 
In all of our analyses, we included individual identity and year of collection as random effects to 
account for non-independence of samples taken from the same individual or in the same year. 
Below, we describe a preliminary model testing for sex-specific differences in patterns of FEC 
with ageing, and then four subsequent models, each of which were performed on data from both 
female and male sheep, and which attempt to identify the effects of chronological and 
environmental measures of ageing. 
 
Model 0: We pooled data for females and males, and constructed a model designed to assess the 
factors affecting FEC in adults in this population. We investigated sex-specific differences in 
variables affecting FEC by fitting sex, longevity, season, PD, PPD, NAO, year, and linear, 
quadratic, and cubic terms for age, as well as interactions between sex and the other variables, 
where parentheses indicate random effects: FEC ~ sex + longevity + season + PD + PPD + 




+ sex:longevity + sex:season + sex:PD + sex:PPD + 




 + (ID) + (year). This initial model was 
simplified using the method described below to a final model, which indicated that FEC 
followed a quadratic trajectory with age (age est. = -0.248 ± 0.069, d.f. = 1, Wald = 4.31 , p = 
0.038; age² est. = 0.024 ± 0.005, d.f. = 1, Wald = 13.49, p = <0.001). There was also a 
significant interaction between sex and age (male est. = 0.106 ± 0.043, d.f. = 1, Wald = 6.15, p = 
0.013). Inspection of the parameter estimates reveals that FEC remains effectively constant in 
males from ages two until four, and then increases, with the highest FEC in the oldest sheep at 
age 8. In females, FEC is predicted to initially decline with age, reaching a trough around the age 
of five or six, before subsequently increasing from the age of seven onwards. This result, 
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coupled with the differences between the sexes in biology, longevity, parasite aggregation and 
age distribution of the data, encouraged us to separate the sexes for subsequent analyses.  
 
Model 1: Having established that age-specific changes in FEC differ between the sexes, we 
described the relationship between chronological age and FEC in each sex separately with a 
model incorporating current environmental factors and chronological age: 




+ (ID) + (year) 
 
These models allowed us to fit sex-specific aggregation parameters to represent the differences 
in distribution of FEC between the sexes. 
 
Model 2: Our second model assessed changes in FEC with the number of population crashes 
experienced by an individual, as a crude measure of environmental age, while controlling for 
chronological age. Note that AGE indicates the linear and quadratic chronological age terms in 
females, and solely the linear term in males, since these were the variables that emerged from 
model 1 in females and males respectively: FEC ~ longevity + season + PD + PPD + NAO + 
year + AGE + crashes + (ID) + (year) 
 
Model 3: Thirdly, we employed our cumulative measure of environmental age, CES, as an 
alternative to the number of population crashes experienced, in order to further assess changes in 
FEC with environmental age, while controlling for chronological age: FEC ~ longevity + season 
+ PD + PPD + NAO + year + AGE + CES + (ID) + (year) 
 
Model 4: Finally, to assess the influence of environmental experience on changes in FEC with 
chronological age, we used a model with an interaction between RES and chronological age: 
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FEC ~ longevity + season + PD + PPD + NAO + year + AGE + RES + AGE:RES + (ID) + 
(year)  
 
All initial models were simplified until only significant variables, or those involved in 
significant interactions, remained. Significance of fixed effects was assessed using Wald 




2.4.1 Associations between ageing and FEC 
 
Model 1:. In female sheep, there was a significant quadratic effect of age on FEC (est. = 0.025 ± 
0.001SE, Wald = 19.55, d.f. = 1, p = <0.001; Figure 2.2), indicating a decline in FEC from the 
age of two until the age of five, followed by a rapid increase in later life. Male sheep, on the 
other hand, showed a significant linear increase in FEC from the age of two onwards (age est.  = 
0.127 ± 0.036, Wald = 12.54, d.f. = 1, p = <0.001; Figure 2.2). Hence, there is evidence to 
suggest that Soay sheep undergo a senescent decline in the ability to resist parasite infection, but 
that this decline contrasts between sexes, as predicted by the preliminary results from Model 0. 
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Figure 2.2: Model predictions of age-specific means and SEs of FEC. Female sheep 
(filled symbols, black line) experience enhanced resistance to parasitism until the age of 
five, and experience a subsequent decline thereafter. On the other hand, males (open 
symbols, grey line) show a linear increase in strongyle FEC from the age of two 
onwards, and maintain higher FEC than females across life. 
 
 
Model 2: The final model in females incorporating number of crashes experienced showed a 
significant effect of number of crashes on FEC (Wald = 15.02, d.f. = 4, p = 0.005; Figure 2.3a). 
Thus, in a model controlling for chronological age, females experienced an increase in FEC with 
increasing environmental age. The effect of crashes remains highly significant if chronological 
age is omitted from the model (Wald = 32.17, d.f. = 4, p = <0.001). The final model for males 
did not show a significant increase in FEC with increasing environmental age (Wald = 4.65, d.f. 
= 2, p = 0.099; Figure 2.3b). 
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Figure 2.3: Model predicted means and SEs for age-specific changes in FEC for two 
measures of environmental age. a) Females show a significant increase in FEC with the 
number of population crashes experienced, and this effect is most marked in the oldest 
individuals; b) males show a non-significant increase in FEC as they experience more 
population crashes; c) Females show a highly significant linear increase in FEC with 
accumulating environmental stress; d) Males show a marginally non-significant linear 
increase with increasing experience of environmental stress. 
 
 
Model 3: We next fitted a model with CES as a measure of environmental age, again controlling 
for chronological age. We found a significant positive linear relationship between CES and FEC 
in females, indicating that individuals that have experienced a higher degree of environmental 
stress suffered from increased parasitism (Table 2.1; Figure 2.3c). This effect remains if 
chronological age is dropped from the model (age = 1.280 ± 0.047, Wald = 7.45, d.f. = 1, p = 
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0.007). However, males exhibited a marginally non-significant positive effect of CES on FEC 
(Table 2.2; Figure 2.3d). As with the number of crashes experienced, this is suggestive of a 
similar process to that occurring in females, yet is not supported by statistical significance. 
 
 
Variables Estimate S.E. d.f. Wald p value 
Fixed effects      
Intercept 1.193 0.128    
Longevity -0.113 0.027 1 15.03 <0.001 
Season      
Lambing 0.000 0.079 1 297.86 <0.001 
Other -1.438     
PPD 0.002 0.001 1 5.67 0.028 
NAO 0.170 0.064 1 8.77 0.005 
Age -0.632 0.114 1 2.56 0.110 
Age
2
 0.021 0.006 1 20.87 <0.001 
CES 0.723 0.173 1 17.50 <0.001 
Random effects      
ID 0.500 0.079    
Year 0.136 0.068    
 
Table 2.1: Results of the final minimal generalized linear mixed-effects model showing 
the effect of environmental age on strongyle FEC in female sheep. 
 
 
Variables Estimate S.E. d.f. Wald p value 
Fixed effects      
Intercept 1.513 0.195    
Longevity -0.128 0.039 1 4.21 0.045 
Season      
Lambing 0.000 0.144 1 18.50 <0.001 
Other -0.657     
NAO 0.226 0.082 1 5.54 0.026 
Age -0.056 0.105 1 12.59 <0.001 
CES 0.315 0.170 1 3.43 0.065 
Random effects      
ID 0.255 0.073    
Year 0.153 0.079       
 
Table 2.2: Results of the final minimal generalized linear mixed-effects model showing 
the effect of environmental age on strongyle FEC in male sheep. 
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A further note on these models is that parameter estimates for chronological age from models 
with and without CES are inconsistent across models. In female model 1, chronological age has 
a quadratic effect on FEC, describing a decrease and subsequent increase in FEC with age. 
However, in female model 3, the quadratic effect of age describes a decelerating decline with 
increasing chronological age (Age est. = -0.632 ± 0.114; Age² est. = 0.021 ± 0.006, Wald = 
20.87, d.f. = 1, p = <0.001). While there is colinearity between these two variables, the effect of 
CES does not change whether or not age is accounted for, and so here is a robust indicator of 
changes in FEC.  
 
Model 4: Finally, an interaction model attempting to identify an effect of environmental 
experience on age-specific changes in FEC yielded a significant interaction between age² and 
RES in females (est. = 0.052 ± 0.021, Wald = 6.36, d.f. = 1, p =0.012; Figure 2.4), indicating 
that the change in FEC with age changes from negative to positive with increasing stress 
suffered. Therefore, at low stress, FEC decreases with age, while at high stress it increases with 
age. The trajectory of age-specific changes in FEC with age is therefore dependent on an 
individual’s experience of the environment over its life history. In males, the interaction between 
chronological age and RES was non-significant (est. = -0.125 ± 0.103, Wald = 1.49, d.f. = 1, p = 
0.223), suggesting that FEC in males is independent of environmental conditions experienced 
over the lifespan. 
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Figure 2.4: Female sheep experiencing a higher degree of environmental stress across 
their life spans exhibit higher FEC at a given age than female sheep experiencing lower 
stress. At low levels of environmental stress, FEC decreases with chronological age, 
but this pattern is reversed in females enduring higher levels of stress. 
 
 
2.4.2 Other variables influencing FEC 
 
Tables 1 and 2 show other variables that were found to influence FEC in all models in females 
and males respectively. Both sexes experienced significantly higher FEC during the lambing 
season and following winters with high NAO values, indicating warmer and wetter weather. 
Longevity was negatively associated with FEC in both females and males, indicating that longer-
lived sheep generally exhibit lower FEC and justifying our attempts to control for selective 
disappearance. Finally, previous summer’s population density was positively associated with 
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FEC in females but not males, indicating that transmission events occurring prior to the winter 
may influence worm burden during the following year. This demonstrates that specific 
environmental effects influence parasitism, and that simply accounting for inter-annual variation 




We have presented results showing that, as predicted by previous work on immunosenescence, 
feral Soay sheep experience declining ability to resist parasite infection as they age 
chronologically. We have also shown that an alternative measure of ageing, environmental age, 
also predicts an increase, and that chronological age alone is insufficient to describe senescence 
in this context. Finally, we have demonstrated that the nature of change in parasitism with age is 
highly dependent upon the environmental conditions individuals experience across their life 
histories. 
 
Many life-history traits measured in wild populations can be well explained as a quadratic 
function of chronological age, with an improvement in the trait from early life until a peak in 
‘prime age’, followed by a senescent decline in later life (Jones et al., 2008). The bulk of studies 
of immunosenescence either compare age classes (e.g. Saino et al., 2003) or show a linear 
decline in immunological parameters with age (e.g. Haussmann et al. 2005; Palacios et al., 
2007), which therefore contrast with the quadratic form described in studies of other traits. A 
decrease in assayable immune parameters does not necessarily predict an increase in parasitism 
with senescence, since an optimal immune response is not necessarily the strongest possible 
(Viney et al., 2005), but in both female and male sheep we show that there is an increase in 
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parasitism with chronological age, suggesting senescence in the efficiency of the immune 
response to helminth infection. Moreover, it appears the age-related increase in FEC begins from 
age 8 in females and age 5 in males (Figure 2). This represents data on 93 different females 
(41% of the individual females in our dataset) and 31 different males (44% of individual males 
in our dataset), indicating that a substantial proportion of individuals surviving to adulthood 
reach an age at which they experience increasing parasite burden as they get older. This is, as far 
as we are aware, the first longitudinal analysis of senescence-related changes in parasite 
infection or resistance. 
 
Our two indicators of environmental age, number of crashes experienced and CES, both 
predicted an increase in FEC, and these results also hold whether or not chronological age was 
included in the model. This indicates that chronological age alone does not describe senescence-
related changes in FEC, and that incorporating a measure of environmental age in addition to 
chronological age can provide more information about the process of senescence.  
 
By using RES as a relative measure of environmental age, we have shown that conditions 
experienced throughout life can have a profound impact upon age-specific changes in an 
important fitness trait, namely FEC, an estimate of parasite burden and resistance. Thus, when 
experiencing low levels of environmental stress, females showed an improved ability to resist 
parasites with age, as estimated by falling FEC. However, when experiencing relatively poor 
conditions over their lives, females showed a progressively faster increase in FEC with age. This 
shows that environmental conditions can have a profound impact upon rates of senescence. The 
results of analyses on males suggested that changes in FEC with chronological age seemed to be 
independent of RES. A possible explanation could be simply that we lacked the statistical power 
to detect any interaction, though this is unlikely given that standard errors were lower for males 
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than females. A second explanation is that the more rapid life history of males (Clutton-Brock et 
al., 2004a) makes them less vulnerable to the cumulative effects of environmental stress, since 
the majority may not live long enough to express its effects. Similarly, because of the lower life 
expectancy of males, they do not experience the same range of cumulative environmental stress 
as females and so either do not express its effects or do so only weakly.  
 
Although we cannot identify the proximate mechanisms driving these changes, we can comment 
in broad terms on how cumulative exposure to environmental stress may affect parasite 
resistance. One possibility is that experience of adverse environmental conditions has irreparable 
effects on physiology that are proportional to the cumulative amount of stress suffered. For 
instance, limited resources in poor conditions may be shifted away from immunocompetence 
and into maintenance of body weight or to a developing foetus, which may explain the effects of 
previous population density and NAO on FEC we have shown here. Persistent experience of 
poor environments and parasite infection may have an adverse effect on the ability of the 
immune system to respond to infections in later life, as the proliferative capability of T cells 
becomes exhausted (Akbar et al., 2004, Vleck et al., 2007). It has also been shown that strongyle 
infection can cause physical damage to the sheep abomasum (Gulland, 1992), and such damage 
accumulated over time could have adverse effects on ability to assimilate nutrients and therefore 
maintain an effective immune system.  A final possibility is that sheep experiencing poorer 
cumulative environments have faced greater exposure to parasites than other sheep of the same 
age, and so for instance sheep with a higher RES for a given age may simply express past 
exposure, rather than current state, in higher FEC. Since current state depends on past experience 
of environmental conditions, it would be extremely difficult to separate these effects.  
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This longitudinal study suggests that senescence-related changes in parasite resistance are 
dependent upon the environmental conditions experienced over the lifetime of an individual. We 
are unable here to identify the mechanistic nature of the relationship between parasitism, ageing 
and the immune system, and so a fruitful avenue of future research will be to characterize 
immunosenescence in a longitudinally monitored natural population and to relate this to actual 
parasite burdens. We have used a ubiquitous indicator of environmental quality, namely the 
proportion of first year mortality, and so identifying specific environmental variables which 
influence senescence-related changes provides a challenge for further research, in this and in 
other systems. A direct and intuitive route from the current study would be to expand the 
analyses herein to investigate occurrences at different stages of the life-history of individuals and 
their effects on ageing and parasitism. Conditions experienced during early development, either 
pre- or post-natally, could contribute to age-specific changes in the same way as environmental 
ageing. Further, parasitism during development could affect later-life changes in other life-
history traits. In relatively constant environments, chronological and environmental age will be 
virtually equivalent, since damage or stresses caused by environmental conditions will 
accumulate at a constant rate. Our current results indicate that in assessing any such impacts on 
life histories, the environmental conditions an individual experiences across its lifespan may 
play a significant role in determining rates of ageing, and that these impacts will be particularly 
noticeable in variable environments.
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Chapter 3 
Maternal effects and early-life performance are associated with 
parasite resistance across life in free-living Soay sheep 
 
This chapter has been published as: Hayward, A.D., Pilkington, J.G., Pemberton, J.M. & 
Kruuk, L.E.B. (2010) Maternal effects and early-life performance are associated with parasite 




Maternal effects occur when the maternal phenotype influences that of the offspring in addition 
to the effects of maternal genes, and may have a considerable influence on offspring parasite 
resistance. These effects, and the effects of early levels of reproduction and parasite resistance, 
may persist into later life and even influence ageing rates. Here we analyse a 20-year 
longitudinal data set collected on a free-living population of Soay sheep, to investigate the 
associations between a suite of maternal phenotypic traits and early-life performance on 
measures of parasite resistance across life. Our results show that maternal effects are important 
in determining offspring parasite resistance, since lambs born as twins and those born to the 
youngest and oldest mothers show higher parasite burdens. We show that the association 
between parasite resistance and natal litter size persists into adulthood. We also show that age-
specific changes in parasite resistance in males are associated with natal litter size, and that age-
specific changes in females are influenced by early-life levels of reproduction and parasite 
infection. These results add to the growing evidence that conditions experienced by individuals 
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during development can have a profound influence on immediate and late-life performance and 




It is well-established that conditions experienced during pre- and post-natal development are a 
critical determinant of performance throughout life (Lindström, 1999). However, whilst the 
influence of environmental conditions and maternal effects on traits such as survival and 
reproductive performance are well documented (e.g. Marshall & Uller, 2007), less is known 
about the long-term effects of pre- and immediately post-natal conditions on immune function, 
particularly in natural populations. In this paper, we identify associations between maternal 
effects and early-life performance and parasite resistance throughout life, and investigate how 
these may shape individual trajectories of parasite resistance in an unmanaged population of 
Soay sheep (Ovis aries). 
 
Maternal effects may be defined as influences of the maternal phenotype on that of her offspring, 
in addition to the direct effects of her genes (Rasanen & Kruuk, 2007). Maternal effects include 
traits expressed by the mother herself, such as weight, age, and litter or brood size, but may also 
include offspring traits such as birth weight. Maternal effects are a key determinant of offspring 
immunocompetence during early life, and transfer of maternal antibodies plays a key role in 
priming the neonatal immune system for infection (Carlier & Truyens, 1995), but how this 
relates to ecological factors is unclear (Grindstaff et al., 2003). Transfer of antibodies in 
ungulates is through colostrum during the neonate’s first few suckling bouts (e.g. Pfeffer et al., 
2005), while there is apparently no pre-natal transfer via the placenta unless the placenta is in 
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some way damaged (e.g. Gabriël et al., 2005). As well as affecting neonatal immunocompetence 
and fitness, maternal effects and conditions experienced during development can be associated 
with immunocompetence after maturity (Reid et al., 2006), and the influence of early-life 
variables on performance may even last until the terminal stages of life and affect the rate of 
senescence. Harsh environmental conditions during development may accelerate senescence in 
reproductive performance (Nussey et al., 2007a), as may high reproductive effort in early life 
(Nussey et al., 2006). However, whether early-life conditions affect adult immunocompetence 
and immunosenescence has not yet, to our knowledge, been investigated. 
 
The free-living population of Soay sheep on the island of Hirta, St Kilda, NW Scotland, presents 
an opportunity to investigate associations between maternal effects and early-life performance 
and parasite resistance. Individuals may live to extreme old ages: up to eight or nine in males 
and into the early teens in females, facilitating study of life history strategy and ageing. Previous 
work has demonstrated the importance of maternal effects in this population. Birth weight is a 
major determinant of fitness, being positively associated with both neonatal survival (Clutton-
Brock et al., 1992) and lifetime breeding success (Wilson et al., 2005a). Lambs born to middle-
aged mothers are heavier than those born to young or old mothers (Lindström et al., 2002), and 
thus maternal age can have a profound impact upon lamb fitness, with middle-aged females 
raising offspring most successfully. In addition to extensive life history data, the Soay sheep 
project has collected data on parasite infection since 1988, with fourteen helminth parasite 
species recorded (Wilson et al., 2004). The most prevalent species are the gastrointestinal 
strongyle nematodes Teladorsagia circumcincta, Trichostrongylus axei and Trichostrongylus 
vitrinus (Craig et al., 2006). Strongyles may have a major impact on individual fitness in this 
population, since they are negatively associated with survival of lambs and yearlings (Gulland, 
1992), and it has been shown that susceptibility to infection and mortality is potentially 
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associated with inbreeding (Coltman et al., 1999a). A negative association between both 
strongyle count and adult body weight has also been demonstrated (Craig et al., 2008, Coltman 
et al., 2001a), although there is no detectable association between parasite infection and adult 
survival (Craig et al., 2009). The relationship between immunological parameters and actual 
parasite numbers in such populations is far from clear, although there is evidence that parasite-
specific IgA is negatively correlated with worm numbers or fecundity in both domestic 
(Henderson and Stear, 2006) and free-living (Coltman et al., 2001b) sheep populations, and so 
there is some empirical basis for the assumption that parasite load is negatively associated with 
immunocompetence. Quantitative genetic analyses have shown a substantial contribution of 
maternal genetic effects to parasite resistance in both domesticated (Stear et al., 2009) and 
unmanaged (Coltman et al., 2001a) populations of sheep. The observation of a decline in the 
magnitude of these associations with age (Bishop et al., 1996) is consistent with analyses of 
maternal effects on other traits (e.g. Wilson et al., 2005b). 
 
In this study, we investigate associations between maternal effects and early-life variables on a 
measure of parasite resistance in juvenile and adult sheep, with two major aims. Firstly, we test 
for associations between maternal traits and parasite resistance in young sheep, and assess the 
degree to which these associations persist into later life and affect ageing. We predict that traits 
positively associated with juvenile performance, such as large size, good condition, small natal 
litter size, and prime maternal age, will be associated with higher parasite resistance in young 
sheep. We also predict that the strength of these associations will be lower in adults than in 
young sheep. Secondly, we aim to investigate the associations between early-life levels of 
parasite resistance and reproduction, and parasite resistance in later life. We predict that parasite 
resistance in early life will be positively associated with that in late life, and that high early 
reproductive effort will be associated with reduced parasite resistance in late life. 




3.3.1 Study population 
 
The Soay sheep population inhabiting the Village Bay area of the island of Hirta in the St Kilda 
archipelago, NW Scotland (57º49’N 08º34’W), has been the subject of an individual-based study 
since 1985, which has collected data on births, deaths, morphometrics, reproductive 
performance, environmental variation, and parasite infection (Clutton-Brock & Pemberton, 
2004). Data on infection with gastrointestinal strongyle helminths, the group of parasites which 
are most significantly associated with fitness in the population, are collected in the form of 
faecal egg counts (FECs). In our data set, and from here onwards, ‘strongyle FEC’ refers to a 
mixed species count comprising Teladorsagia circumcincta, Trichostrongylus axei, 
Trichostrongylus vitrinus, Chabertia ovina, Bunostomum trigonocephalum, and Strongyloides 
papillosus (Wilson et al., 2004). Despite changes in the species composition of the strongyle 
FEC between seasons and with age, the first three species on the above list constitute the vast 
majority of adult strongyles (Craig et al, 2006).  The McMaster egg counting technique has been 
shown to be a good index of actual parasite burden in Soay sheep, both on St Kilda and 
elsewhere (Wilson et al., 2004). We present here analyses of associations between maternal 
effects and early-life performance and strongyle FEC at different stages throughout the lifespan. 
 
3.3.2 Data and variables 
 
To perform our analyses effectively, we separated individuals into six different age and sex 
subsets. Table 3.1 defines the six subsets, indicates the structure of the data in each, and gives 
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the structure of initial models used to analyse each subset. Our first subset consisted of lambs, 
and since the amount and distribution of data for males and females are comparable, we analysed 
the sexes together. In subsequent analyses of older individuals, we analysed the sexes separately 
because of differences in the distribution of FEC between the sexes, and disparities in the data 
structure and the variables of interest. The splitting of our data set into subsets may result in an 
increase in the type II error rate (falsely accepting the null hypothesis of no association), but we 
feel the subdivisions enhance our ability to investigate our questions of interest. All sheep in our 
data set had died and so were ones for which we had complete life-history data.  
 
Population variables 
The population is characterized by fluctuating environmental conditions, which have the 
potential to influence individual performance and levels of parasitism (Clutton-Brock et al., 
1996; Wilson et al., 2004). We included the following environmental variables in all models. 
i) Prior population density (PPD): The Village Bay total population size in the August of the 
year prior to faecal sampling was included as a covariate.  
ii) Winter North Atlantic Oscillation (NAO): We included the mean NAO index (Lisbon-
Reykjavik) for December-March in the winter prior to sampling, providing a large-scale measure 
of global climatic conditions.  
iii) Temporal trends (YEAR): To test for any trend in FEC over the study period, year of 
sampling was included as a fixed-effect covariate. 
iv) Natal heft (HEFT): The Village Bay population may be divided into three units, or hefts, 
which differ in survival, recruitment and dispersal rates, probably due to variation in habitat 
quality (Coulson et al., 1999). We included natal heft as a fixed factor with three levels to test 
for any differences in FEC between sheep born in different areas.  
CHAPTER 3  MATERNAL EFFECTS ON PARASITE RESISTANCE 
 55
v) Season: The peri-parturient rise (PPR), an increase in parasite burden in mothers around the 
time of offspring birth, occurs with a peak on the day of parturition, which occurs in April and 
May (Wilson et al., 2004). Where relevant, we included season as a factor with two levels, 
Lambing (April and May) and Other (all other months). Note that seasonality is not relevant for 
lambs, since faeces only contain strongyle eggs at around 45 days at the earliest (Wilson et al., 
2004), and so no counts from lambs are collected during April and May.   
 
Individual variables 
i) Sex: Male sheep generally experience higher parasite burdens than females in this population 
(Wilson et al., 2004) and so in lambs, where we analysed the sexes together, sex was included as 
a fixed factor with two levels.  
ii) Foreleg length (LEG) and condition: We included LEG as a measure of skeletal body size. 
We estimated body condition as residuals of a regression of body mass on leg length, to give a 
measure independent of skeletal size (foreleg length and condition correlation est. = 0.000 ± 
0.146). All measurements were taken in the August of the year of faecal sampling. 
iii) Age at sampling (AGE): Adult sheep show an increase in parasite burden as they age which 
is exacerbated by experience of poor winter conditions (Hayward et al., 2009), and so where 
relevant we included age and its quadratic.  
iv) Longevity: Including longevity in models tests for a positive association between lifespan and 
the trait of interest, and also accounts to some extent for selective disappearance of individuals 
of different lifespan when analysing ageing (Nussey et al., 2008). A significant effect of age in 
the presence of longevity would suggest that the association of the response variable with age is 
important even after accounting for the fact that individuals sampled at high ages may represent 
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a special subset of the population. In all models presented below, the significance of other terms 
in the model was not affected by removal or addition of longevity. 
 
Maternal effects 
Here we introduce maternal traits which may be associated with offspring FEC.  
i) Natal litter size (LS): Sheep are born in a litter of either one or two, and we included the litter 
size into which an individual was born as a fixed-effect factor with two levels.  
ii) Birth weight (BWT): We included BWT as a fixed-effect covariate. 95% of individuals in the 
study population are captured within a week of birth. Since lambs gain weight very quickly 
during these first few days, we corrected for age at capture by performing a regression of birth 
weight on capture age in days, and used the residuals of birth weight as our explanatory variable.  
iii) Maternal age (MA): Linear (MA) and quadratic (MA²) terms were included in all models.  
iv) Maternal Faecal Egg Count (MFEC): We included MFEC collected in the August before 
lamb birth to assess the correlation between FEC in mother and offspring. Including MFEC in 




As well as potential maternal effects, we considered a number of variables measured during the 
early part of life which could influence FEC in adults.  
 
i) First summer FEC (FSFEC): FEC has been shown to be repeatable within individuals (Wilson 
et al., 2004), and so we may predict that individuals with high FEC in early life would have high 
FEC later on in life. For yearlings and older classes, we tested the associations between FEC 
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collected during the first summer (around four months of age) as a covariate on later measures of 
FEC. 
ii) First year reproduction (FYREP): For female yearlings, we included a binary factor 
indicating whether or not females attempted to reproduce in their first spring: depending on 
environmental conditions, 20-80% of females give birth aged twelve months (Clutton-Brock et 
al., 2004b).  
iii) Cumulative reproductive success (CRS): In analysis of adult females, we included the total 
number of lambs produced by a female from birth until sampling (CRS) as a covariate, in order 
to test for a correlation between total reproductive effort and FEC. 
iv) Early-life fecundity (ELF) and age at first reproduction (AFR): As discussed above, early-life 
reproductive performance is associated with later-life performance, and so we tested for an 
association with late-life FEC in senescent females by summing the number of offspring 
produced until the age of five (ELF). To control for the fact that this may depend upon the 
timing of first reproductive event, we included AFR as a fixed-effect factor, with females 
making their initial breeding attempt aged 1, 2, or older.    
 
3.3.3 Statistical Analysis 
 
To investigate the response of FEC in associations with maternal and early-life performance in 
sheep of different age and sex classes, we used generalized linear mixed-effects models 
(GLMMs). All analyses were performed in GenStat 11
th
 Edition (VSN International). To account 
for the high overdispersion in our FEC data, we used penalized quasi-likelihood estimation and a 
negative binomial error structure. The negative binomial is characterized by the mean µ, 
variance σ², and aggregation parameter k, which was calculated separately for all subsets (k = µ² 
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/ σ² – µ). We used a log link function, and the dispersion parameter was estimated separately for 
each model, and we used the conditional fitting method of Schall (1991). 
 
In our longitudinal study, individuals may be sampled repeatedly within years, and across 
multiple years throughout their lives. In order to account for the non-independence of samples 
taken from the same individual and in the same year, we included individual identity (ID) and 
year of sampling (YEAR) as random factors. Similarly, individuals born to the same mother are 
non-independent, and so maternal identity was included as a random effect in all models. 
Finally, in analyses of adults we also included a random effect of birth year (BYEAR) to account 
to some extent for the between-cohort differences in conditions seen across years in the 
population. In lambs birth year and year of sampling are equal, and in yearlings they are 
confounded, and so we did not include BYEAR in these models.  
 
Table 3.1 summarises the data structure of each age and sex subset, and indicates which of the 
above variables was included in the initial model used to analyse variables associated with 
strongyle FEC. As well as main effects, we tested for the impact of maternal effects and early-
life performance on ageing rates by adding interactions between Age and early-life variables of 
interest. Initial models were simplified by progressively removing non-significant terms in the 
order of least significance. Significance of each term was assessed as when added last to the 
model, using conditional p values calculated from Wald statistics associated with the appropriate 
degrees of freedom. Wald tests are an approximation of the likelihood ratio test (LRT), and 
although Wald tests do make stronger assumptions, this may not be as much of a problem when 
assessing fixed effects (Bolker et al., 2009). The LRT is also more unreliable for small to 
moderate sample sizes (Pinheiro and Bates, 2000), and is not appropriate when using quasi-
likelihood estimation as we do here (Bolker et al., 2009).  
   
  
Subset Description N IDs Years Fixed effects assessed Random effects fitted 
Lambs 
Individuals yet to 
reach April 1st in 
the year after birth 
1366 783 20 
Longevity + Sex + LEG + Condition + HEFT + LS + 
PPD + NAO + YEAR + MA + MA² + MFEC + BWT + 
(Sex x LS) + (Sex x MA) + (Sex x MA²) + (Sex x 
MFEC) + (Sex x BWT) 




Males yet to reach 
April 1st in the 
second year after 
birth 
334 178 19 
Longevity + Season + LEG + Condition + HEFT + LS 
+ PPD + NAO + YEAR + MA + MA² + MFEC + 
FSFEC + BWT 




Females yet to 
reach April 1st in 
the second year 
after birth 
648 128 19 
Longevity + Season + LEG + Condition + HEFT + LS 
+ PPD + NAO + YEAR + MA + MA² + MFEC + 
FSFEC + BWT + FYREP 




Males living past 
April 1st in the 
second year after 
birth 
654 107 19 
Longevity + Season + LEG + Condition + HEFT + LS 
+ PPD + NAO + YEAR + MA + MA² + MFEC + 
FSFEC + BWT + AGE + (AGE) x (LS + MA + MA² + 
BWT + FSFEC) 
ID + YEAR + Maternal 
ID + BYEAR 
Adult 
females 
Females living past 
April 1st in the 
second year after 
birth 
1889 231 21 
Longevity + Season + LEG + Condition + HEFT + LS 
+ PPD + NAO + YEAR + MA + MA² + MFEC + 
FSFEC + BWT + AFR + CRS + AGE + AGE² + (AGE 
+ AGE²) x (MA +  MA² + FSFEC + BWT + AFR) 
ID + YEAR + Maternal 
ID + BYEAR 
Senescent 
females 
Females living past 
April 1st in the fifth 
year after birth 
567 103 16 
Longevity + Season + LEG + Condition + HEFT + LS 
+ PPD + NAO + YEAR + MA + MA² + MFEC + 
FSFEC + BWT + AFR + ELF + AGE + (AGE) x (LS + 
MA + MA² + FSFEC + BWT + AFR + ELF) 
ID + YEAR + BYEAR 
 
Table 3.1: Summary of the six age and sex subsets which we performed analyses on. In each case the response variable is 
strongyle FEC. The table contains a definition of the criteria for inclusion in each subset, the data structure of each subset, and 
the fixed and random effects included in initial GLMMs in each subset. N = number of observations; IDs = number of individuals; 
Years = number of years. 
 




3.4.1 Lamb faecal egg count 
 
A number of maternal effects were associated with lamb FEC in the manner we predicted in 
the Introduction (Table 3.2). The strong negative association between FEC and longevity 
suggests that even in early life, individuals that are ultimately long-lived had significantly 
lower levels of parasite infection as lambs. This appears to be largely due to selective 
mortality of individuals experiencing higher FEC in early life, since on restricting analysis to 
lambs surviving into adulthood the parameter estimate becomes marginally non-significant (-
0.033 ± 0.22, Wald = 3.64, d.f. = 1, p = 0.058). The marginally non-significant association 
with sex indicated that male lambs had a tendency to have higher FEC than female lambs 
(Figure 3.1a), and a positive association with PPD suggested that FEC in lambs was higher 
when the previous winter’s population was larger. Both LEG and condition were negatively 
associated with FEC (Figure 3.1b), indicating that larger lambs and lambs in better condition 
experienced lower parasite burdens, but there was no association with BWT (0.028 ± 0.050, 
Wald = 0.31, d.f. = 1, p = 0.576). We detected a positive association with litter size (Figure 
3.1a), indicating that twins had higher FEC in their first summer than singletons. The 
association between the quadratic of maternal age and FEC suggested that lambs born to 
middle-aged mothers had the lowest FEC, and that those born to younger and older mothers 
had higher FEC. The significant interaction between maternal age and sex indicated that the 
increase in FEC in lambs with mother’s age was greater in male lambs than in females 
(Figure 3.2). We detected no relationship between MFEC and lamb FEC (est. = -0.000048 ± 
0.000290, Wald = 0.03, d.f. = 1, p = 0.868). 











































Figure 3.1: Variables significantly associated with FEC in lambs: a) singleton lambs 
(filled bars) have lower FEC than twins (open bars) but males and females do not 
differ significantly and there is no interaction; b) FEC is negatively correlated with leg 
length (filled bars) and body condition (open bars), divided into quartiles. Bars 



































Figure 3.2: The significant main effect of maternal age on lamb FEC for each sex. 
The significant interaction between maternal age and sex on FEC in lambs shows 
that FEC in male lambs (open symbols, dotted line) increases more rapidly with 
maternal age than does that of females lambs (filled symbols, solid line). Points 
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Variable Estimate S.E. d.f. Wald p value 
Fixed effects      
Intercept 1.707 0.114    
Longevity -0.450 0.012 1 44.48 <0.001 
Sex      
Female 0.000  1 2.91 0.089 
Male 0.197 0.065    
PPD 0.003 0.001 1 8.20 0.009 
Leg -0.012 0.005 1 27.06 <0.001 
Condition -0.078 0.033 1 18.82 <0.001 
Litter size      
1 0.000  1 5.19 0.023 
2 0.194 0.085    
Maternal age -0.173 0.054 1 0.00 0.994 
Maternal age² 0.012 0.004 1 7.98 0.004 
Sex x Maternal age      
Female 0.000  1 7.53 0.006 
Male 0.060 0.022       
Random effects      
ID 0.237 0.034    
Year 0.187 0.073    
Maternal ID 0.009 0.020       
 
Table 3.2: Results from the final GLMM analyzing strongyle FEC in lambs, showing 
aspects of maternal phenotype and early-life performance that explain significant 
variation in sheep of both sexes yet to reach their first winter. See Table 1 for details 
of data distribution and sample sizes.  
 
 
3.4.2 Yearling faecal egg counts 
 
 In male yearlings, only season was associated with FEC, with sheep suffering from higher 
FEC during Lambing (Other est. = -1.174 ± 0.127, Wald = 85.43, d.f. = 1, p = <0.001). We 
found no relationship between longevity, PPD, NAO, LEG, condition, BWT, LS, MA, MA², 
MFEC, or FSFEC and FEC (p = >0.100). Female yearlings also experienced higher FEC 
during Lambing (Other est. = -1.726 ± 0.101, Wald = 295.05, d.f. =1, p = <0.001). Both 
LEG (est. = -0.037 ± 0.008, Wald = 20.67, d.f. = 1, p = <0.001) and condition (est. = -0.407 
± 0.096, Wald = 17.81, d.f. = 1, p = <0.001) were negatively associated with FEC in female 
yearlings, but we found no associations with longevity, BWT, LS, MA, MA², MFEC, 
FSFEC, or FYREP (p = >0.100).  
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3.4.3 Adult male faecal egg counts 
 
The results for adult male FEC suggested that natal litter size was the only maternal effect 
with a strong association with FEC (Table 3.3). As in lambs, longevity was negatively 
associated with FEC. The positive relationship between age and FEC confirms previous 
findings which have shown that male Soay sheep experience increasing FEC from the start 
of adulthood at age two (Hayward et al., 2009). The association with LS showed that adult 
males born as twins have higher FEC than those born as singletons, and there was a 
significant interaction between age and twin status, indicating that males born as twins 
showed a faster increase in FEC with age than those born as singletons (Figure 3.3). We 
detected no association between FEC and LEG, body condition, BWT, LS, MFEC, or 
FSFEC (p >0.200), and a marginally non-significant association with MA² (est. = 0.019 ± 
0.011, Wald = 0.077, d.f. = 1, p = 0.077). 
 
Variable Estimate S.E. d.f. Wald p value 
Fixed effects      
Intercept 1.052 0.118    
Longevity -0.118 0.036 1 4.32 0.039 
Age 0.072 0.044 1 9.07 0.003 
Litter size      
1 0.000  1 6.10 0.016 
2 0.365 0.130    
Age x Litter size      
1 0.000  1 6.80 0.009 
2 0.189 0.072       
Random effects      
ID 0.034 0.070    
Year 0.121 0.058    
Maternal ID 0.089 0.075    
Birth year 0.012 0.022       
 
Table 3.3: Results from the final GLMM analyzing strongyle FEC in adult males, 
showing aspects of maternal phenotype and early-life performance that explain 
significant variation in FEC of male sheep that have survived at least two winters. 
See Table 1 for details of data distribution and sample size. 
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Age (years)

































Figure 3.3: Adult males born as twins (open symbols, dashed line) show a more 
rapid increase in FEC with age than those born as singletons (filled symbols, solid 
line). Dotted lines indicate 95% confidence intervals. Plot shows predicted means ± 
1S.E. from the final adult male model. 
 
 
3.4.4 Adult female faecal egg counts 
 
 The final model suggested that both maternal effects and early-life performance were 
associated with strongyle FEC in adult females (Table 3.4). We found a negative association 
with longevity, and found that females experienced higher FEC during the lambing season 
and following years of higher population density. As seen in lambs and female yearlings, 
LEG and body condition were both negatively associated with FEC. As expected, FEC was a 
quadratic function of age, with the model predicting the lowest FEC in middle-aged females. 
In contrast to the findings in lambs and adult males, and having controlled for LEG and 
condition, adult females born as twins had significantly lower FEC than those born as 
singletons. Finally, the association with AFR suggested that females which began 
reproduction early had higher FEC than those which deferred reproduction until their second 
or third year.  
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Variable Estimate S.E. d.f. Wald p value 
Fixed effects      
Intercept 1.608 0.115    
Longevity -0.045 0.023 1 28.28 <0.001 
Season      
Lambing 0.000  1 403.17 <0.001 
Other -1.554 0.077    
PPD 0.003 0.001 1 12.28 0.003 
Leg -0.049 0.010 1 4.29 0.039 
Condition -0.480 0.084 1 43.17 <0.001 
Age -0.290 0.080 1 1.60 0.206 
Age² 0.025 0.007 1 13.38 <0.001 
Litter size      
1 0.000  1 5.98 0.016 
2 -0.344 0.154    
AFR      
1 0.000  2 13.94 0.001 
2 -0.166 0.124    
3 -0.844 0.233       
Random effects      
ID 0.314 0.058    
Year 0.063 0.037    
Maternal ID 0.003 0.005    
Birth year 0.022 0.025       
 
Table 3.4: Results from the final GLMM analyzing strongyle FEC in adult females, 
showing aspects of maternal phenotype and early-life performance that explain 
significant variation in FEC in females that have survived at least two winters. See 
Table 1 for details of data distribution and sample size. 
 
3.4.5 Senescent female faecal egg counts 
 
Strongyle FEC in senescent females was associated with maternal effects, and results also 
suggested that changes in FEC with age were dependent upon early-life performance (Table 
3.5). FEC in senescent females was lower in sheep that were ultimately longer-lived, was 
higher during the lambing season, and showed a linear increase with age. As seen in adult 
females, senescent females born as twins experienced lower FEC than those born as 
singletons. Though neither of the main effects of FSFEC or ELF were significant, both 
interactions with age were. The interaction between age and FSFEC suggested that older 
females that experienced heavier infections in early life showed a faster increase in FEC as 
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they aged in later life (Figure 3.4a). The interaction between age and ELF predicted that 
females with low reproductive performance experienced an increase in FEC with age in late 



























































































Figure 3.4: Model predictions of early-life variables associated with age-specific 
changes in FEC in senescent females: a) senescent females which experience high 
FEC in their first summer are predicted to experience a more rapid increase in FEC 
in late life than those experiencing low FEC in early life; b) females with high 
fecundity in early life are predicted to show decreasing FEC in later life, while those 
with low fecundity show increasing FEC. Note that axes have been pivoted to view 
the data most effectively, and that as a result, Age increases from right to left in a), 
but from left to right in b). 
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Variable Estimate S.E. d.f. Wald p value 
Fixed effects      
Intercept 1.568 0.142    
Longevity -0.141 0.047 1 5.21 0.025 
Season      
Lambing 0.000  1 145.00 <0.001 
Other -1.789 0.138    
NAO 0.303 0.072 1 10.68 0.018 
Age 0.261 0.051 1 30.10 <0.001 
Litter size      
1 0.000  1 5.38 0.022 





 1 0.37 0.548 
ELF -0.145 0.075 1 2.68 0.107 




 1 7.24 0.007 




 1 5.37 0.022 
Random effects      
ID 0.188 0.084    
Year 0.047 0.056    
Birth year 0.054 0.059       
 
 
Table 3.5: Results from the final GLMM analyzing strongyle FEC in ‘senescent’ 
females, showing aspects of maternal phenotype and early-life performance that 
explain significant variation in FEC in females which have survived five winters and 
are considered to be of ‘prime age’ or older. See Table 1 for details of data 








In this paper we have presented results showing significant associations between maternal 
effects and early-life performance and a measure of parasite infection in an unmanaged 
mammal population. In particular, we have shown that these associations are present not 
only immediately after birth and during early development, but may persist for many years 
into an individual’s life. Below, we describe the associations found, suggest interpretations 
for them and highlight areas worthy of further investigation. 
 
CHAPTER 3  MATERNAL EFFECTS ON PARASITE RESISTANCE 
 68
3.5.1 Maternal effects 
 
Our results demonstrate that aspects of maternal phenotype are associated with FEC across 
the life history of individuals.  
  
Natal litter size: Natal litter size influenced FEC in all age and sex classes with the exception 
of yearlings. Lambs born as twins exhibited higher FEC than those born as singletons, a 
result consistent with the lower lifetime fitness of twins, which is largely due to their lower 
birth weight (Wilson et al., 2005a), and increased first winter mortality (Clutton-Brock et al., 
1992; Jones et al., 2005). Given the possible increase in type I error rate potentially caused 
by multiple testing due to splitting the data and despite a sample size of 1366, we note that 
caution may be attached to a p-value of 0.023. However, the relatively large parameter 
estimate (Table 3.2) suggests that the result is of biological significance. A potential 
explanation for this result is that twins receive less nourishment from their mother, since 
prolonged suckling provides enhanced parasite resistance in lambs, possibly due to a positive 
effect on weight gain (Iposu et al., 2008). However, by conditioning on LEG and body 
condition, we can be confident that the higher FEC in twins is not simply due to their being 
smaller or in worse condition (although this may also be relevant), but to some additional 
factor. Higher reproductive effort in mothers of twins may result in higher maternal 
susceptibility to parasites, and so lambs born as twins may therefore inhabit a more infective 
immediate environment. Alternatively, maternal care not related to provisioning of nutrients 
may be implicated, since producing twins is costly, particularly when environmental 
conditions are poor (Clutton-Brock et al., 1996). Immunosuppression during pregnancy is 
required to avoid the mounting of an immune response against a female’s own offspring 
(Theodorou et al., 2007), and so this, coupled with the demands of raising two lambs, may 
mean that mothers of twins are poorer at providing protective antibodies (e.g. Pfeffer et al., 
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2005). It has been shown in domesticated sheep that lambs of larger litters have lower serum 
immunoglobulin levels, and that immunoglobulin concentration is positively associated with 
lamb fitness (Christley et al., 2003). The behaviour of the lamb itself may also be implicated, 
since lambs of larger litters are slower to stand and suckle (Dwyer & Morgan, 2006), and so 
may consume less colostrum (Nowak & Poindron, 2006) which is only available for a short 
period.  This result was replicated in adult males, in which we also found a more pronounced 
increase in FEC with age in males born as twins, and a less pronounced increase with age in 
singletons, even after correcting for LEG and condition. A p-value of 0.016 with a sample 
size of 654 may be a cause for caution in interpreting this, although a large parameter 
estimate of 0.365 and a highly significant interaction with age adds confidence to our 
conclusion that this association persists until long after sheep are under direct influence of 
their mother. 
 
The results from adult and senescent females provide further evidence for a persistent 
correlation between litter size and adult FEC, but in the opposite direction to that in males 
and lambs, suggesting that females born as twins actually show lower FEC than those born 
as singletons. This is a surprising result, since individuals born into larger litters are 
commonly observed to be lighter at birth, which has been shown to translate into reduced 
lifetime fitness (e.g. Wilson et al., 2005a). It is possible that females born as singletons enjoy 
greater reproductive success, and trade this off against reduced immune investment. 
However, we found no association between FEC and CRS, suggesting that sustained 
reproductive investment over time is uncorrelated with FEC. The association also persists if 
longevity is removed from the model (twin est. = -0.309 ± 0.155, Wald = 4.89, d.f. = 1, p = 
0.028), indicating that the correlation is not due to the selective survival of twins with high 
parasite resistance; the association also persists if LEG and condition are removed from the 
model. Female twins may be of lower fitness than singletons, and so may opt to invest in 
parasite resistance and survival rather than reproduction, which may explain their lower 
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FEC. This observation will not hold true in lambs, since there is no investment in 
reproduction and so this trade-off is not necessary. Male adults may be expected to invest 
less in maintenance than females and to invest heavily in weight gain to enhance 
reproductive success, potentially explaining why this may not be observed in adult males. 
However, investigating this possibility is beyond the scope of the current work. 
 
Maternal age: In our analyses of lamb FEC, we showed that lambs of middle-aged females 
have lower FEC than lambs of younger and older mothers. If younger and older mothers are 
less able to provide nutrition to lambs, their lambs may begin grazing earlier than lambs of 
prime-aged ewes, ingest parasite larvae at an earlier age, and thus experience elevated FEC. 
However, since lambs may nibble grass from as early as the first week of life, it is difficult to 
discern when grass makes up a significant proportion of a lamb’s diet. It may be that, as has 
been shown previously (Hayward et al., 2009), prime-aged females have lower FEC, and so 
their lambs may be raised in a less infectious immediate environment, whereas older and 
younger females have higher FECs and hence lambs developing in infective environments. 
However, splitting this relationship by sex, we found that the increase in FEC with 
increasing maternal age was greater in male lambs. It has been shown that rearing male 
lambs is more costly in terms of survival in years of high mortality (Clutton-Brock et al., 
1996) and that reproductive costs are higher in the youngest and oldest sheep (Tavecchia et 
al., 2005). Thus, an alternative explanation is that younger and especially older females may 
be unable to provide as well for their demanding male lambs, and so those lambs experience 
higher FEC. Since LEG and condition are accounted for, this result, coupled with the 
associations with litter size we have found, are consistent with limitations on post-natal 
provisioning of antibodies leading to lower parasite resistance and higher FEC. 
 
Birth weight: We found no association between FEC and BWT in any subset of the 
population. To investigate whether this was due to the association with current condition 
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masking an association with BWT, we repeated all analyses without LEG and condition. In 
yearlings and adults of both sexes, and in senescent females, BWT was still non-significant 
when LEG and condition were excluded from the model (p = >0.170 in all cases), but in 
lambs, there was a significant association with BWT (est. = 0.068 ±0.034, Wald = 8.76, d.f. 
= 1, p = 0.003). It therefore appears that current condition is more important than size at birth 
in all and sex subsets. Many previous studies have identified positive correlations between 
body size or condition and parasite resistance (e.g. Coltman et al., 2001a). The relationship 
between condition and parasite infection is likely to exhibit positive feedback, with poor 
condition increasing susceptibility to infection, which further reduces condition through 
reduced nutrient assimilation and voluntary reduction in food intake (Stear et al., 2003).  
 
Maternal FEC: We also found no association between maternal FEC and that of their lambs. 
This is somewhat surprising, given that previous studies have reported a low but significant 
heritability for FEC in this population (Coltman et al., 2001a, Robinson et al., 2009). 
However, we did not have previous August FEC for even half of mothers, and so possibly 
lacked the power to detect any such associations. Dividing our data into subsets reduced our 
effective sample size further, and potentially increased the type II error rate. 
 
3.5.2 Early-life performance 
 
Reproduction: The negative relationship between immunity and reproductive effort is well-
documented (Lochmillar & Deerenberg, 2000). However, it is also true that traits more 
generally associated with reproductive performance such as body size are positively 
associated with parasite resistance (Coltman et al., 2001a; Robinson et al., 2009). A lack of 
any association between FYREP and FEC in female yearlings provides no support that, in 
this instance, young sheep pay a cost of reproduction in terms of increased parasite load. 
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However, the periparturient rise associated with reproduction peaks on the day of lambing 
(Wilson et al., 2004), and by the time the majority of faecal samples are collected, in August, 
females have weaned their offspring (Clutton-Brock, 2004). 
 
In adult females we found a negative association between FEC and AFR, suggesting that 
sheep that commence reproduction in their first year have higher FEC than those which 
begin in their second year, while sheep which reproduce for the first time in their third year 
have the lowest FEC. Life-history trade-offs between early- and late-life variables have been 
widely demonstrated (e.g. Nussey et al., 2006), and it may be that sheep which reproduce 
earlier trade off parasite resistance in adulthood for immediate reproductive investment. 
Parasite resistance may be another of the many factors which influence variation in 
reproductive strategies of individuals in this population (Stevenson et al., 2004).  
  
In senescent females we found no correlation between ELF and FEC. However, we did find 
a significant interaction between age and ELF which indicated that sheep with high 
reproductive output during early life experienced a decrease in FEC with age, while those 
which reproduced less experienced an increase. This suggests a positive association between 
reproductive performance and parasite resistance, and is consistent with our previous 
findings (Hayward et al., 2009), since sheep which are fecund in early life are likely to be in 
good condition or to have experienced favourable environments, and so may age more 
healthily than less fecund individuals in poorer condition.  The variety of associations 
between reproduction and FEC indicate that the relationship between reproductive 
investment and parasite resistance may be extremely complex. 
 
Parasite resistance: Also somewhat surprising is the lack of any association between first 
summer FEC and subsequent FEC in either yearlings or adults, since the repeatability of 
FEC across all ages is around 0.58 in females and around 0.42 in males (Wilson et al., 2004). 
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However, it could be that much of the repeatability is due to differences in traits such as 
body size and condition. Although we failed to find any association between adult FEC and 
first summer FEC in senescent females, we found a significant interaction with age, 
consistent with a more rapid increase in FEC with age in individuals which experienced 
higher FEC in their first summer than those which experienced lower FEC.  This is an 
interesting result in the light of previous work, which has shown that the late-life increase in 
FEC with age in adult females is accelerated in those females which have experienced higher 
environmental stress over their lives (Hayward et al., 2009). It is thus possible that the 
damaging effects of parasites experienced earlier in life, or the exhaustion of T cell 
repertoires due to previous infections, could potentially accelerate the ageing process 
(Gruver et al., 2007). However, the lack of any such association in adult females makes 
drawing firm conclusions from this impossible, especially since the comparison is being 




In this study we have shown that aspects of maternal phenotype and early-life performance 
are associated with parasite infection levels in young sheep, and that these associations may 
persist throughout life. A criticism which may be levelled at these results is the splitting of 
the data into subsets, which could potentially increase the type I error rate (false positives) 
through multiple testing, and the type II error rate (false negatives) through reducing the 
amount of data analysed. We believe that analysing the data in this way has allowed us to 
effectively address our aims, and note that the majority of our results are highly significant 
and thus robust. As we predicted, traits positively associated with other aspects of lamb 
fitness were positively associated with lamb parasite resistance. In particular, low FEC was 
associated with middle-aged mothers and low natal litter size. These associations persisted 
CHAPTER 3  MATERNAL EFFECTS ON PARASITE RESISTANCE 
 74
even when conditioned on body size and condition, results which are consistent with an 
influence of maternal provisioning not related to nutrition on offspring FEC. As predicted, 
the strength of these associations with maternal phenotype weakened with offspring age, and 
only litter size was associated with FEC in adult sheep. Again as predicted, we found 
evidence for a positive association between early life levels of parasite infection and adult 
FEC, and a negative association between early life fecundity and adult FEC in senescent 
females. Both of these results are consistent with a positive correlation between early life and 
adult fitness, but a negative association between AFR and adult FEC in adult females 
suggests a trade-off. These results are in line with the complex nature of the relationship 
between parasite resistance and other life-history traits. An interesting avenue of future 
research in natural systems would be to relate maternal antibody levels to those in offspring 
and to offspring parasite infection and survival, and to investigate associations with the 
ensuing offspring life-history. Bringing together immunological and ecological research in 
this manner would represent a crucial step in our understanding of immunosenescence and 
parasite ecology in naturally-regulated populations.
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Chapter 4 
Ageing patterns in reproductive traits of female Soay sheep: 
contributions of senescence, selective disappearance and 
terminal effects 
 
4. 1 Summary  
 
Many studies of reproductive senescence in natural populations consider reproductive traits 
in isolation and assume that the trait studied is representative of organism-wide senescence. 
However, this is unlikely to be true, because different aspects of reproductive performance 
have different physiological bases and therefore may show different patterns of age-specific 
variation. In order to better understand ageing in wild populations, more studies on multiple 
reproductive traits are needed and different causes of population-level patterns of ageing, 
including senescence, selective disappearance, and terminal effects need to be considered. 
Here, we investigate age-specific variation in female reproductive traits in a natural 
population of Soay sheep (Ovis aries), including traits related to offspring production, and 
traits related to maternal effects. We found significant declines in all traits in old age, except 
the probability of twinning. The influence of selective disappearance was analysed, and 
results suggested that mortality of individuals with low annual fecundity, offspring growth 
rate, and offspring birth weight all contribute to population-level patterns of ageing and 
could mask senescence if not accounted for. The influence of terminal effects varied across 
traits, but we found no evidence for individual differences in ageing rates, or for effects of 
body weight or parasite burden on senescence rates. These results illustrate that reproductive 
traits may show different ageing patterns that may be based on their diverse biological bases, 
and that only by studying a variety of traits can this complexity be better understood. 
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  4.2 Introduction 
 
Biological senescence may be defined as a decline in physiological function with age, and 
manifests itself as deterioration in condition and demographic parameters such as 
reproductive performance and survival probability (Monaghan et al., 2008). Evolutionary 
predictions regarding the onset and shape of senescence have largely been tested in 
laboratory populations of model organisms (e.g. Rose & Charlesworth, 1980; Partridge & 
Barton 1993; Promislow et al., 1996; Sgro & Partridge, 1999). It has previously been 
predicted that senescence should not be detectable in natural populations, due to high levels 
of premature mortality due to disease, predation, or starvation (e.g. Rose, 1991; Hayflick, 
2000). However, recent work has provided evidence for age-specific declines in a variety of 
traits in such populations, including survival probability (e.g. Loison et al., 1999; Beauplet et 
al., 2006; Descamps et al., 2008), reproductive performance (e.g. McCleery et al., 2008; 
Bouwhuis et al., 2009; Rebke et al., 2010; Sharp et al., 2010), body weight (Berube et al., 
1999; Proffitt et al., 2007), and immune function (Saino et al., 2003; Haussmann et al., 
2005; Palacios et al., 2007). Interest has also grown in studying physiological mechanisms of 
ageing in wild populations, such as telomere shortening (Hall et al., 2004; Bize et al., 2009; 
Monaghan, 2010) and oxidative stress (Monaghan et al., 2009; Nussey et al., 2009b). In 
many cases, a single trait has been analysed in isolation, and taken to be representative of 
organism-wide senescence, but recent work has shown that not all traits show the same age-
specific trajectories, and has revealed the complexity of the ageing process in natural 
systems (e.g. Nussey et al, 2009a; Lecomte et al. 2010). In this study, we describe ageing 
patterns in five female reproductive traits in a natural population of Soay sheep.  
 
The evolutionary theory of senescence asserts that the strength of natural selection weakens 
with age due to declining survival probability caused by external sources of mortality such as 
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predation, accidents, and disease. Therefore, investment in early-life reproduction should be 
favoured, and late-acting deleterious mutations are under such weak selection that they 
persist, causing a decline in function in old age (Medawar 1952, Williams, 1957; Kirkwood, 
1977). Theory predicts that the decline in reproductive performance should begin at 
reproductive maturity, since residual reproductive value declines from this point (Williams, 
1957; Hamilton, 1966; Charlesworth, 1993). However, many studies have found evidence 
for an increase in traits such as brood or litter size following maturity, and a subsequent 
gradual decline in late life (e.g. McCleery et al., 2008; Rebke et al., 2010; Sharp et al., 
2010). As well as senescence in offspring number, there is senescence in maternal effects, 
such as offspring size or survival; for instance, in blue-footed boobies (Sula nebouxii) chick 
size declines with maternal age, which is reflected in a decline in egg volume (Beamonte-
Barrientos et al., 2010). This suggests that senescence affects not only female reproductive 
physiology, but also capacity to provision offspring with sufficient resources to ensure rapid 
growth and high survival prospects. 
 
The initial increase in performance may be explained by increasing body size or weight, as is 
common in organisms with indeterminate growth (Sparkman et al., 2007), increased parental 
competence (Balbontin et al., 2007), or selective mortality of poor parents at an early age 
(Reid et al., 2003), and the subsequent decline is often interpreted as senescence. However, 
the use of longitudinal data sets has revealed the importance of selective disappearance, an 
association between lifespan and age-dependent traits, in studies of age-specific variation 
(Nussey et al., 2008). Selective disappearance can mask or overestimate variation in traits 
which is due to individual-level senescence, and the importance of accounting for it in 
analysis of ageing has recently been acknowledged (Cam et al., 2002; van de Pol & 
Verhulst, 2006; van de Pol & Wright, 2009;  Rebke et al., 2010). However, far from being a 
statistical nuisance, selective disappearance may itself be an interesting process and 
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determining how it shapes ageing patterns may aid understanding of ageing in natural 
populations.  
 
Other patterns which have been observed are significant increases or decreases in 
performance in the final year of life, which are known as ‘terminal effects’. Individuals may 
sense their own demise, making a final ‘terminal investment’ in maximal reproductive effort 
(e.g. Bonneaud et al., 2004; Velando et al., 2006) or may show a sudden drop in 
performance in the last year of life, or ‘terminal decline’, which may be due to rapid 
senescence or to disease (e.g. Coulson & Fairweather, 2001; Rattiste et al., 2004). The 
majority of studies have analysed traits in isolation and often assumed that the pattern found 
is true of all traits, but recent work has shown that the shape of senescence varies across 
traits (Nussey et al., 2009a; Lecomte et al., 2010). To understand how senescence is 
associated with changes in reproductive performance, it is therefore essential to consider 
multiple reproductive traits with different physiological bases.  
 
In this study, we analyse age-specific changes in female reproductive performance in a 
longitudinally-monitored population of Soay sheep (Ovis aries) on the islands of St Kilda, 
NW Scotland. Soay sheep are unusually precocious for an ungulate, and may be sexually 
active by the age of seven months, although females which breed so early are not highly 
successful in raising their lambs (Clutton-Brock et al., 1991). Soay females may also 
produce twins, which is costly but usually maximizes reproductive success, except in years 
where environmental conditions are very unfavourable and birth weights are very low 
(Wilson et al., 2009). Twins are born lighter and are less likely to survive the neonatal period 
than singletons (Jones et al., 2005), as are lambs born earlier in the season (Clutton-Brock et 
al., 1992). Lambs are weaned by the end of summer, which is extremely early in comparison 
to some other ungulates; for example, Canadian bighorn sheep (O. canadensis) and Rum red 
deer (Cervus elaphus) do not wean their offspring until early winter (Clutton-Brock et al., 
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1983; Festa-Bianchet et al., 1998). Early weaning allows female Soays to potentially breed 
every year, whereas female red deer are still lactating during the rut following offspring 
birth, and so often skip years (Clutton-Brock & Coulson, 2002). Survival of lambs over the 
critical first winter, when up to 95% may die (Clutton-Brock et al., 1992), is strongly 
associated with birth weight and weight in their first August (Clutton-Brock et al., 1992; 
Milner et al., 1999b). Maternal provisioning is therefore a critical determinant of offspring 
survival and hence female reproductive success.  
 
We present analysis of age-specific changes in five female reproductive traits: the 
probability of reproduction, the probability of twinning, offspring birth weight, offspring 
growth rate, and offspring first winter survival. We also test for senescence, and for effects 
of other traits on the rate of senescence. We test for individual differences in ageing rates, 
and the extent to which apparent senescence is due to individual changes or selective 
disappearance. We predict that all five traits will show initial improvement, related to 
increasing experience and body weight, from reproductive maturity to middle age, followed 
by a decline in old age due to senescence. We also predict that traits linked to the 
physiological mechanisms for producing offspring (probability of bearing offspring, 
probability of twinning) will show later, more rapid senescence and are more likely to show 
terminal declines than traits associated with maternal effects, since the former are related to 
oocyte number, which is fixed at birth and declines across reproductive lifespan in all 
mammals, but is unrelated to condition (Armstrong, 2001). Traits related to maternal effects 
(offspring birth weight, growth rate and survival) are more closely linked to maternal 









4.3.1 Study population 
 
Since 1985, the Soay sheep population on the island of Hirta in the St Kilda archipelago, 
NW Scotland (57º49’N 08º34’W) has been the subject of an intensive individual-based study 
(Clutton-Brock & Pemberton, 2004). Around 60% of individuals in the Village Bay area of 
the island (population 200-700) are captured every August, and individuals are measured and 
weighed, with blood and faecal samples taken. Gastrointestinal parasite burden is estimated 
by counting parasite eggs shed per gram of faecal sample using the McMaster egg counting 
technique (M.A.F.F., 1986); we refer to this measure as faecal egg count (FEC). The 
reproductive cycle begins with the rut in November, when males exhibit increased 
aggression and compete for access to females (Preston et al., 2003). The majority of lambs 
are born in April, and birthing activity is monitored daily. Over 95% of lambs born in the 
study area are captured within a week of birth, blood sampled, tagged, and weighed to the 
nearest 0.05kg. Early-born lambs are less likely to survive the neonatal period, either due to 
premature birth or lack of palatable forage for mothers (Jones et al., 2005). The proportion of 
females producing twins varies from 2–23% (Clutton-Brock et al., 1992) and is positively 
associated with female weight (Clutton-Brock et al., 1997). The majority of neonatal 
mortality (defined as mortality occurring before October 1
st
 in the first year of life; Jones et 
al., 2005) occurs in the first month of life (Overall et al., 2005), but from this point on, the 
majority of lambs survive to weaning, which occurs by mid-summer (Clutton-Brock et al., 
2004a). Due to early lambing and weaning, females regain condition before the subsequent 
rut, and so can potentially reproduce every year (Clutton-Brock & Coulson, 2002). Despite 
study of many aspects of reproductive biology, no detailed analyses of age-specific changes 
in such traits have been performed. We set out to assess age-specific variation in female 
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reproductive traits, and to identify the importance of senescence, selective disappearance and 
terminal effects.  
 
4.3.2 Data and variables 
 
4.3.2.1 Reproductive traits 
 
Fecundity traits: Annual fecundity (AF) was scored as 0 if a female was known to be alive in 
April, but was not observed to have given birth to a live lamb, and was scored as 1 if a 
female was observed to be engaged in caring for at least one lamb. If AF was scored as 1, 
twinning (TW) was scored as 0 if only one lamb was present, and as 1 if the female produced 
twins.  
Maternal effects: The majority of lambs are captured within a week of birth, and since 
growth during this period is rapid, offspring birth weight (OWT) was calculated as the 
residuals of a regression of weight at capture on capture age. Over half of the lambs were 
recaptured and weighed in August, and offspring growth rate (OGR) was calculated as the 
difference between weight at capture in April and weight in August, divided by the number 
of days between the two measurements, to give a growth rate in kilograms per day. If a lamb 
was observed in the censuses in August or November, offspring survival (OS) was scored as 
1; if a lamb was found dead or never seen in subsequent censuses, OS was scored as 0. 
 
4.3.2.2 Analysis of age-specific changes in performance 
 
In any analysis of age-specific traits using longitudinal data, consideration must be given as 
to how to separate within-individual changes from population-level changes (Nussey et al., 
2008). A number of methods have been developed which attempt to separate these processes, 
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which are based on the need to account for heterogeneity between individuals in lifespan, 
and the positive associations between lifespan and fitness traits. (e.g. Cam et al., 2002; van 
de Pol & Verhulst, 2006; van de Pol & Wright, 2009; Rebke et al., 2010). Here, we analyse 
ageing using models containing the following variables: 
 
i) Age-specific changes: Female age was scored as the number of winters survived from the 
year of birth until the year of the reproductive event in question. We included age as a 
covariate with linear and quadratic terms where indicated. 
ii) Selective disappearance: We included age at last reproduction (ALR) as a linear and 
quadratic covariate to assess the impact of selective disappearance (van de Pol & Verhulst, 
2006). A significant effect of ALR suggests that changes in reproductive performance with 
age are due to between-individual heterogeneity in reproductive lifespan, while an effect of 
age having accounted for ALR predicts that a portion of the change is due to within-
individual ageing. ALR was retained in all models, even if non-significant, in order to 
account for all of the variation in performance accounted for by reproductive lifespan. 
iii) Selective appearance: We included age at first reproduction (AFR) as a linear and 
quadratic covariate, in order to test associations between the timing of onset of breeding and 
annual reproductive performance. 
iv) Terminal effects: To investigate the possibility of sudden changes in reproductive 
performance towards the end of life, we included a factor for whether it was a female’s last 
year of life (where analysing annual fecundity AF) or whether it was a female’s final 
reproductive attempt (when the response variable was twinning, offspring birth weight, 
offspring growth rate or offspring survival). The observation of such an effect would suggest 
that changes in the terminal stages of life were due to one final rapid loss of function 
(decreased trait value) or one final effort (increased trait value).  
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4.3.3 Statistical analysis 
 
We analysed age-specific changes in reproductive performance using Generalized Linear 
Mixed-effects Models (GLMMs). All analyses were performed in R version 2.10.0 (R 
Development Core Team, 2010), and GLMMs were implemented using the package lme4 
(Bates & Maechler, 2009). Annual fecundity, twinning, and offspring survival were scored 
as binary response variables, and so we used a binomial error distribution and a logit link 
function. The likelihood was estimated using Gauss-Hermite quadrature (GHQ), a more 
accurate method for binomial traits than quasi-likelihood methods or the Laplace 
approximation (Bolker et al., 2009). Offspring birth weight and growth rate followed a 
Gaussian distribution, so we used a log link function. In all models, we included female’s 
identity to account for individual differences in reproductive success, and year of sampling 
to account for variance in reproductive success between years.  
 
4.3.3.1 Age-specific changes in reproductive performance 
 
Firstly, we identified the age-specific trajectory of each reproductive trait in turn. In all 
models, we included fixed effects of female weight and strongyle FEC in the August prior to 
reproduction, since heavier females have higher reproductive success in a given year 
(Clutton-Brock et al., 1996), and parasite infection may have negative effects on 
reproductive performance (e.g. Newey & Thirgood, 2004; Hughes et al., 2009; but see 
Schwanz, 2009). Variation in reproductive performance in this population is associated with 
both density (Clutton-Brock et al., 1996) and climatic conditions (Forchhammer et al., 
2001), and so we included population density in the August prior to reproduction (PPD), and 
North Atlantic Oscillation (NAO) for the winter prior to reproduction as a measure of large-
scale climatic conditions (Stenseth et al., 2003). To assess the factors contributing to age-
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specific variation, we included linear and quadratic terms for AFR, ALR and age. In analysis 
of annual fecundity, we also included whether it was a female’s last year of life, and in 
analysis of twinning and offspring birth weight, growth rate, and survival, we included a 
factor for whether it was a females last reproductive attempt. In analysis of offspring birth 
weight, we also included natal litter size, lamb sex, and lamb birth date (all of which are 
associated with birth weight or survival of lambs; Clutton-Brock et al., 1992); the model for 
offspring growth rate was the same as that for birth weight, plus offspring birth weight as a 
fixed effect, and the fixed effects for offspring survival were the same as those for offspring 
growth rate. Sample sizes for each response variable are given in Tables 4.1 – 4.5.  
 
4.3.3.2 Late-life senescence 
 
The relationship between age and all five reproductive traits was described by a convex 
curve (see Results), with an initial improvement followed by a peak in middle age and a 
subsequent decline. To determine whether this late-life decline was significant, we restricted 
analysis to data from individuals of the age of peak performance and older for each trait, 
taking this value from parameter estimates of the models described above. We then repeated 
the above analysis, with age as a linear covariate only in order to test whether the decline 
with age was significant, and whether any other traits affected the rate of decline. For the 
response variables of annual fecundity, twinning, and offspring birth weight, we included 
interactions between age and weight, FEC, AFR, and last year or reproductive attempt; 
where offspring growth rate and survival were response variables we included these 
interactions and the interaction between age and offspring birth weight. We tested for 
individual variation in ageing rates by using random regression models which fitted an 
individual random effect of an interaction between individual and age (I x Age), testing for 
variation in individuals’ slopes; this is equivalent to allowing the individual variance to vary 
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across ages. We compared the fit of this model with models with random effects of ID + 
year, ID alone, and year alone, and selected the best using a likelihood-ratio test (see below). 
We then tested the contribution of selective disappearance to apparent effects of age by 
comparing the significance and magnitude of the parameter estimate for age in models with 
and without ALR. Sample sizes for these models are shown in Table 4.7. 
 
Full models were simplified by sequentially removing non-significant fixed effects in the 
order of least significance, as assessed by Wald z statistics in the case of binomial traits and 
χ² statistics in the case of Gaussian traits, tested against the appropriate degrees of freedom. 
Once a final model had been reached, significance of random effects was tested using a 
likelihood ratio test (LRT), where the test statistic was calculated as -2*(LogL2 – LogL1), 
where LogL1 and LogL2 are the log-likelihoods of the full model and reduced models 




We found evidence for significant age-specific variation in all five aspects of reproductive 
performance. There were differences in the magnitude and shape of the predicted 
associations with age, and a number of other environmental and individual variables were 
associated with the different reproductive traits. Selective disappearance also exerted a 
strong effect over age-specific changes in some traits, but was not associated with others. 
 
4.4.1 Age-specific changes in reproductive traits 
 
Annual fecundity (AF): The variables significantly associated with annual fecundity are 
detailed in Table 4.1. Females were more successful in years following winters of low 
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population density, an earlier onset of reproduction was significantly associated with greater 
success in subsequent years, and sheep of the longest reproductive lifespan were predicted to 
be the most successful in a given year. There was also a terminal effect, with sheep 
significantly less likely to bear offspring in their final year of life. The significant association 
with age (Figure 4.1a) suggested an increase in AF at early ages, with a peak at 6 and a 
subsequent decline. There was significant individual variation (χ² = 61.37, d.f. = 1, p = 
<0.001) and even more annual variation (χ² = 93.95, d.f. = 1, p = <0.001), suggesting an 
additional environmental component beyond that accounted for by the fixed effects.  
 
Variable Estimate S.E. d.f. z p 
Fixed effects      
Intercept 3.8442 0.6738 1 5.706 <0.001 
PPD -0.0035 0.0013 1 -2.754 0.006 
AFR -1.6502 0.3310 1 -4.986 <0.001 
AFR² 0.2320 0.0753 1 3.080 0.002 
ALR -0.1936 0.0936 1 -2.068 0.039 
ALR² 0.0209 0.0069 1 3.011 0.003 
Last Year -1.1876 0.1642 1 -7.232 <0.001 
Age 0.7298 0.0727 1 10.044 <0.001 
Age² -0.0623 0.0062 1 -9.986 <0.001 
Variance components      
ID 0.1860 0.0086    
Year 0.4578 0.0135       
 
Table 4.1: The final model describing variables significantly associated with annual 
fecundity AF in females of all ages. Results from GLMMs with binomial errors, with 
data of 3666 female life-years representing the 942 females across 24 years. 
 
 
Twinning (TW): As expected, the probability of twinning was positively and significantly 
associated with female body weight (Table 4.2). We also found that the probability of 
twinning was significantly higher following years with low population density. Twinning 
was not significantly associated with AFR (-0.3033 ± 0.1663, z = -1.824, p = 0.068) or with 
terminal effects (last reproductive attempt = 0.2399 ± 0.3410, z = 0.704, p = 0.482), and the 
association with ALR was marginally non-significant. The association with age (Figure 4.1b) 
suggested a peak in probability of twinning around the age of 8. There was evidence for 
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significant individual variation (χ² = 29.17, d.f. = 1, p = <0.001), but no evidence for 
significant annual variation (estimate = 0.1461 ± 0.1100 S.E., χ² = 2.22, d.f. = 1, p = 0.137).  
Variables Estimate S.E. d.f. z p 
Fixed effects      
Intercept -6.0380 0.9780  -6.174 <0.001 
Weight 0.1557 0.0386 1 4.033 <0.001 
PPD -0.0041 0.0009 1 -4.560 <0.001 
ALR -0.1150 0.0623 1 -1.844 0.065 
Age 0.8595 0.2084 1 4.124 <0.001 
Age² -0.0496 0.0155 1 -3.210 0.001 
Variance components      
ID 1.5292 0.0350       
 
Table 4.2: The final model showing variables significantly associated with probability 
of twinning TW in all female. Results from a GLMM with binomial errors on 2310 
reproductive attempts by 569 females. 
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Figure 4.1: Age-specific changes in a) annual fecundity AF and b) probability of 
twinning TW followed a quadratic trajectory, with an improvement at early ages, a 
peak in middle age, and then a decline in later life. Points show mean trait values at 
each age ± 1 S.E.; solid black lines show quadratic curve fit to the data; dotted lines 
show 95% C.I.; grey bars show the number of individuals analysed at each age. 
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Offspring birth weight (OWT): The results for offspring birth weight suggested that male 
lambs were born significantly heavier than females, and that heavier females produced 
significantly heavier lambs (Table 4.3). We also found a significant positive association with 
birth date and a significant negative association with density. There was no significant 
association with AFR (-0.0008 ± 0.0507, χ² = 0.00, d.f. = 1, p = 0.987) or ALR, although 
there was a terminal effect, with lambs born on a female’s last reproductive attempt being 
significantly lighter than those born at any other time. The association with age (Figure 4.2a) 
suggested an increase in offspring birth weight as females aged towards a peak at 7, followed 
by a subsequent decline. There was significant variation associated with both the individual 




Variables Estimate S.E. d.f. χ² p 
Fixed effects      
Intercept -3.4837 0.4396 1   
Lamb Sex      
Female 0.0000  1 16.06 <0.001 
Male 0.1892 0.0470    
Birth Date 0.0251 0.0033 1 57.49 <0.001 
Weight 0.0354 0.0107 1 10.88 <0.001 
PPD -0.0025 0.0004 1 26.02 <0.001 
NAO -0.0879 0.0383 1 4.71 0.030 
ALR -0.0122 0.0159 1 0.59 0.443 
Last Reproduction      
0 0.0000  1 7.24 0.007 
1 -0.2230 0.0826    
Age 0.4326 0.0524 1 64.71 <0.001 
Age² -0.0316 0.0042 1 53.84 <0.001 
Variance components      
ID 0.1763 0.0119    
YEAR 0.0278 0.0047    
RESIDUAL 0.5824 0.0216       
 
Table 4.3: Final model showing variables significantly associated with offspring birth 
weight OWT in females of all ages. Results are from a GLMM with normal errors 
performed on data from 2917 lambs born to 517 individual females across 24 years. 
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Offspring growth rate (OGR): Results of analysis of offspring growth rate (Table 4.4) 
suggested that male lambs grew significantly faster than females, and that growth rate was 
significantly positively associated with both birth weight and birth date. There was a 
significant positive association with NAO which suggested that lambs grew faster following 
warmer, wetter winters. There was also a significant positive association with ALR, and a 
terminal effect, suggesting that lambs produced on a female’s final reproductive attempt 
grew significantly slower. The association with age (Figure 4.2b) suggested a peak around 
the age of 5, before a decline at older ages. The variance components associated with 
individual heterogeneity (χ² = 43.35, d.f. = 1, p = <0.001) and annual variation (χ² = 67.19, 
d.f. = 1, p = <0.001) were both highly significant. 
 
 
Variables Estimate S.E. d.f. χ² p 
Fixed effects      
Intercept 0.0582 0.0098    
Lamb BWT 0.0108 0.0005 1 329.10 <0.001 
Lamb Sex      
Female 0.0000  1 124.53 <0.001 
Male 0.0103 0.0009    
Birth Date 0.0002 0.0001 1 5.58 0.018 
NAO 0.0032 0.0009 1 10.10 0.001 
ALR 0.0007 0.0003 1 5.04 0.025 
Last Reproduction      
0 0.0000  1 16.63 <0.001 
1 -0.0063 0.0015    
Age 0.0031 0.0008 1 14.08 <0.001 
Age² -0.0003 0.0001 1 20.44 <0.001 
Variance components      
ID 0.0001 0.0002    
YEAR 0.0000 0.0001    
RESIDUAL 0.0002 0.0004       
 
Table 4.4: Results from the final model showing variables significantly associated 
with offspring growth rate OGR in all females. Results are from a GLMM with normal 
errors, performed on data from 1105 lambs weighed at birth and in August and born 
to 378 females. 
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Offspring survival (OS): Offspring survival was significantly positively associated with birth 
weight and birth date (Table 4.5). There was also a significant negative association with 
FEC, suggesting that mothers with high FEC were less likely to wean offspring. There was a 
significant negative association with AFR, and a marginally non-significant tendency for 
higher success in sheep breeding to older ages. The terminal effect was marginally non-
significant (last reproductive attempt = -0.6063 ± 0.3590, z = -1.689, p = 0.091), and the 
association with age (Figure 4.2c) suggested that OS increased from early ages to a peak at 
age 6, before a decline at older ages. Finally, variance components analysis suggested that 
there was no evidence for individual variation (0.0347 ± 0.1862, χ² = 0.02, d.f. = 1, p = 
0.879), but that there was significant annual variation (χ² = 8.78, d.f. = 1, p = 0.003). 
 
 
Variables Estimate SE d.f. z p 
Fixed effects      
Intercept -6.7937 1.9569  -3.47 0.001 
Lamb BWT 1.2223 0.1541 1 7.93 <0.001 
Birth Date 0.0559 0.0166 1 3.37 0.001 
FEC -0.0012 0.0005 1 -2.14 0.032 
AFR 1.6357 0.6748 1 2.42 0.015 
AFR² -0.4465 0.1611 1 -2.77 0.006 
ALR 0.0859 0.0444 1 1.94 0.053 
Age 0.5323 0.1715 1 3.11 0.002 
Age² -0.0473 0.0147 1 -3.22 0.001 
Variance components      
YEAR 0.2781 0.0176       
 
Table 4.5: Final model showing variables significantly associated with offspring 
survival to weaning OS in females of all ages. Results are from a GLMM with 
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Figure 4.2: Age-specific changes in a) offspring birth weight OWT, b) offspring 
growth rate OGR, and c) offspring survival to weaning OS follow a quadratic 
trajectory with age, with an improvement in all three traits in early life, followed by a 
peak in middle age and subsequent significant decline at older ages. Points show 
mean trait values at each age ± 1 S.E.; solid lines show quadratic curves fit to the 
data; bars show the number of individuals analysed at each age. 
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4.4.2 Senescence in reproductive performance 
 
We found evidence for significant declines after the age of peak performance in four of the 
five traits we analysed; only the probability of twinning did not decline significantly at older 
ages. The other four traits showed significant declines at late ages, but we found no statistical 
support for significant individual variation in the rate of change with age, since random 
regression models provided no better fit than models where individual variance remained 
constant across ages (Table 4.6). None of the interaction terms were significant, providing no 
statistical support for dependence of ageing trajectories upon parasite burden, weight, or 
AFR, and no support for changes in terminal effects across ages. 
  
The final models for each reproductive trait are shown in Appendix A; for brevity, we 
comment on the effects of age-related variables only. The final model analysing annual 
fecundity,  in sheep aged 6 and over suggested that annual fecundity was significantly higher 
in sheep which survived and reproduced until older ages (ALR = 2.3090 ± 0.3472, z = 6.650, 
p = <0.001; ALR² = -0.0895 ± 0.0197, z = -4.539, p = <0.001). There was also a significant 
negative association with age, indicative of senescence from the age of 6 onwards (age = -
0.7443 ± 0.0620, z = -12.005, p = <0.001).  In sheep aged 8 and over (the age of peak 
twinning rate), none of the explanatory variables were significantly associated with twinning, 
with no evidence of a senescent decline in individuals living to older ages (age = -0.0266 ± 
0.4590, z = -0.058, p = 0.954).  
 
The final model analysing offspring birth weight, in sheep aged 7 and over showed that there 
was a marginally non-significant positive association with ALR (0.0761 ± 0.0406, χ² = 3.48, 
d.f. = 1, p = 0.062), and there was evidence that offspring birth weight declined significantly 
in the oldest females (age = -0.1399 ± 0.0293, χ² = 22.29, d.f. = 1, p = <0.001). Analysis of 
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offspring growth rate in females aged 5 and above indicated that lambs grew significantly 
faster when born to females with longer reproductive lifespan (ALR = 0.0020 ± 0.0006, χ² = 
12.47, d.f. = 1, p = <0.001), and there was a significant decline in lamb growth rate as 
females aged (age = -0.0033 ± 0.0005, χ² = 48.27, d.f. = 1, p = <0.001). Finally, offspring 
survival was not significantly associated with ALR (0.0239 ± 0.1183, z = 0.20, p = 0.840), 
but there was evidence for a significant decline in offspring survival with increasing age 
from 6 onwards (age = -0.3590 ± 0.1018, χ² = -3.53, d.f. = 1, p = <0.001). 
 
 
Variable Model Random effects LogLik C/w χ² d.f. p 
Annual 
Fecundity 
1 (ID x AGE) + YEAR -557.56     
2 ID + YEAR -560.11 1 5.10 2 0.078 
3 ID -586.37 2 53.37 1 <0.001 
4 YEAR -560.11 2 0.00 1 0.999 
Twinning 
1 (ID x AGE) + YEAR -140.86     
2 ID + YEAR -140.67 1 0.38 2 0.538 
3 ID -141.65 2 1.97 1 0.160 




1 (ID x AGE) + YEAR NA     
2 ID + YEAR -843.42         
3 ID -847.7 2 8.56 1 0.003 




1 (ID x AGE) + YEAR 1557.10     
2 ID + YEAR 1556.90 1 0.53 2 0.765 
3 ID 1548.00 2 17.75 1 <0.001 
4 YEAR 1485.00 2 45.66 1 <0.001 
Offspring 
Survival 
1 (ID x AGE) + YEAR -264.01     
2 ID + YEAR -265.32 1 2.61 2 0.271 
3 ID -273.12 2 15.60 1 <0.001 
4 YEAR -269.29 2 7.94 1 0.005 
 
 
Table 4.6: Senescence in reproductive traits: results from variance components 
analysis in females aged over the peak age of each trait. Fixed effects are listed in 
the description of results of models for old females. χ² statistics indicate results of 
comparison of the models indicated by LRT on the appropriate degrees of freedom. 
Note that we were unable to test the effect of the random regression (i.e. adding ID 
x Age) for offspring birth weight since the model was unstable. Shaded model 
indicates best model selected using LRT; C/w describes the model which each 
model was tested against.   
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4.4.3 Selective disappearance and ageing 
 
We assessed the importance of the effect of ALR on age-specific estimates by comparing the 
parameter estimates for age when ALR is included in or excluded from the model. The effect 
of age with ALR in the model describes the effect of age once the effects of selective 
disappearance have been accounted for, and is the estimate of individual change due to 
senescence; the effect of age without ALR is the population-wide pattern without differences 
in reproductive lifespan accounted for. Focusing on the changes occurring in sheep of post-
peak age, there was considerable variation in the influence of ALR on estimates of ageing in 
the five reproductive traits (Table 4.7). Annual fecundity (AF) was significantly positively 
associated with ALR, and removal of ALR from the model resulted in a reduction in the 
magnitude of the estimate for age of over 60%, suggesting that selective disappearance of 
individuals with lower fecundity and shorter lifespan may mask the individual-level decline 
with age if not accounted for. ALR was also positively associated with offspring growth rate 
(OGR), and dropping ALR from the final model resulted in a reduction in the parameter 
estimate for age of 18%, suggesting that selective disappearance played a part in age-specific 
changes in OGR, although individual-level ageing was more important. ALR had a 
marginally non-significant association with offspring birth weight (OWT), and removing it 
from the model resulted in a 15% drop in the age estimate, indicating that individual ageing 
explained most of the expected change in OWT with age at the population level. ALR was 
not significantly associated with offspring survival (OS), and removal of it from the final 
model resulted in a change of only 3% in the parameter estimate for age, suggesting that 
most of the age-specific change in this trait was due to individual ageing.  
  
 
   
Age estimate with ALR 
(± S.E.) 
Age estimate without ALR         
(± S.E.) 
% change in age 
estimate Trait N (IDs) 
ALR estimate       
(± S.E.) 
Annual Fecundity 1330 (372) 2.30 ± 0.3472*** -0.7443 ± 0.0620*** -0.2790 ± 0.0373*** -62.52% 
Twinning 459 (204) NA NA NA NA 
Offspring Birth Weight 670 (239) 0.0761 ± 0.0406. -0.1399 ± 0.0293*** -0.1184 ± 0.0271*** -15.37% 
Offspring Growth Rate 644 (259) 0.0020 ± 0.0006*** -0.0033 ± 0.0005*** -0.0027 ± 0.0004*** -18.18% 
Offspring Survival 1174 (317) 0.0239 ± 0.1183 -0.3590 ± 0.1018*** -0.3477 ± 0.0853*** -3.15% 
 
Table 4.7: The influence of selective disappearance on each of the five reproductive traits analysed in females older than the peak age of 
each trait, as determined by the parameter estimates from analysis of age-specific variation in each trait. The third and fourth columns 
show parameter estimates from the model described in the text; the fourth column shows parameter estimates from the same model with 
ALR omitted. Significance of each parameter estimates are denoted thus: *** p < 0.001; ** 0.001 ≤ p <0.01; * 0.01 ≤ p ≤ 0.05; . 0.05 < p < 









In this study, we investigated age-specific changes in five female reproductive traits in a natural 
population of Soay sheep. Our results show that there is significant age-specific variation in all 
five traits, but that the five traits are not described by the same ageing trajectory. Four of the five 
traits showed significant declines at older ages, consistent with senescence in reproductive 
performance, but we surprisingly found no evidence for a significant decline in twinning 
probability with age. The importance of selective disappearance and individual ageing also 
varied amongst the five traits.  
 
4.5.1 Age-specific changes in reproductive performance 
 
All five traits showed significant age-specific variation, and in accordance with many previous 
studies, all five showed improvement from the first reproductive attempt to middle age, followed 
by a decline during old age (e.g. Berube et al., 1999; Reid et al., 2003; Nussey et al., 2006; 
2009a). The pattern of an initial improvement in reproductive success during the first few 
reproductive attempts is commonly observed in relatively long-lived animals such as ungulates 
(e.g. Berube et al., 1999; Ericsson et al., 2001; Nussey et al., 2006; 2009a), and may be 
attributed to female growth, increased body mass, or to experience. Soay sheep do not reach full 
skeletal size until the age of 2 or 3 (Figure 4.3a), and may increase in body mass until the age of 
5 (Clutton-Brock et al., 2004; Figure 4.3b). This may explain why the youngest females showed 
the poorest performance in all traits apart from AF – this trait merely requires that the biological 
development for reproduction has occurred and is the least energetically demanding, while the 
other four traits require females to provide resources and care to offspring. Older females are 
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also more experienced and more likely to have successfully weaned a lamb previously, and it has 
been shown that females which have raised a lamb in one year are more likely to successfully 
raise a lamb in the subsequent year (Clutton-Brock & Coulson, 2002). A study of grey seals 
showed that second- and third- parity females of the same age as primiparous females gave birth 
to heavier pups (Bowen et al., 2006); however, number of parities was no longer significant 
when mass was accounted for, underlining the importance of body weight in reproductive 
















Figure 4.3: Female Soay sheep are often not fully grown by their first reproductive 
attempt; a) maximum skeletal size is not reached until the age of 2, and growth may 
continue until the age of 3; b) many females do not reach their peak body mass until the 
age of 4 or 5. Note that in both cases, there is likely to be some selective mortality of 
the smallest individuals. Points show age-specific means ± 1 S.E.; filled bars show the 
number of samples in each age class. 
b)
Age (years)
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4.5.2 Early breeding and terminal effects 
 
Annual fecundity, offspring growth rate, and offspring survival were all significantly and 
negatively associated with AFR, suggesting that the most successful females commenced 
breeding earlier in their lives. This is consistent with two non-mutually exclusive explanations. 
Firstly, sheep which commence reproduction at an earlier age may gain experience and so be 
more successful in subsequent years, and secondly, early commencement of reproduction may 
be associated with higher body weight or condition, which are themselves positively associated 
with reproductive success (Clutton-Brock et al., 1996; Vanpe et al., 2009). There was also 
evidence for terminal declines in annual fecundity, offspring weight, and offspring growth rate. 
The terminal effect on annual fecundity is consistent with females always producing a lamb if 
reproductive physiology is still functioning: in the last year of life, there could be a final loss of 
physiological function culminating in failure to reproduce and subsequent death. The terminal 
decline in offspring birth weight and offspring growth rate suggests that females are unable to 
provide offspring with resources during both the pre- and post-natal periods as effectively as 
they can earlier in their lives, and may be indicative of a final deterioration in performance 
preceding the cessation of reproductive function. These interpretations are supported by recent 
work which has shown that senescence in body weight in Soay sheep is very rapid, and only 
occurs in the final year of life (Nussey et al., submitted): this may be evidence of a loss of 





CHAPTER 4  SENESCENCE IN REPRODUCTIVE PERFORMANCE  
 99
4.5.3 Late-life declines in reproductive performance 
 
We tested for late-life declines in performance after the predicted peak in each of the five traits. 
There was a significant decline in four of the traits past prime age, but we did not see this pattern 
in the probability of twinning. There was also no evidence for interactions between age and 
weight, FEC, AFR or terminal effects, indicating that these traits do not significantly influence 
senescence in reproductive performance. A gradual decline in traits related to maternal effects 
could be indicative of more gradual deterioration in condition among sheep that do reproduce at 
older ages. The complexity of maternal effects on offspring fitness means that age-related 
declines in various aspects of female physiology, occurring at different rates, could contribute to 
the gradual decline in offspring fitness with maternal age. Older sheep are likely to command 
fewer resources, for instance because of reduced feeding efficiency due to tooth wear (Gaillard 
et al., 1993; Kojola et al., 1998). With fewer resources, females may face a trade-off between 
their own condition and reproductive investment in the final years of life, and may maintain their 
own condition and ability to bear offspring until their very last year while having less to invest in 
provisioning offspring. However, there is as yet no evidence that tooth wear plays an important 
part in senescence in grazing ungulates (Nussey et al., 2007b), though one study of free-living 
lemurs has shown some contribution of tooth wear to reproductive senescence (King et al., 
2005). A future analysis on tooth wear in Soay sheep could be informative in this regard. 
 
Why was there no evidence of a decline in twinning? It has been noted before that sheep in this 
population aged over 6 are more likely to produce twins than are younger adults (Clutton-Brock 
et al., 1996), although this previous study split age groups into young and old adults, and so did 
not explore variation in old age. Even so, it was surprising that twinning did not show some 
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decline in the oldest females. Producing twins is associated with greater costs than producing 
singletons (Tavecchia et al., 2005), but despite lower survival of twins, there is positive selection 
for litter size, apart from in years of very adverse environmental conditions (Wilson et al., 2009). 
A possible explanation for the apparent lack of senescence in twinning could be that despite 
bearing larger litters, old females may produce lambs of lower condition than expected.  
 
To test this hypothesis, we included interactions between age and litter size in models of 
offspring survival and offspring birth weight in all females and in the restricted data set of older 
females. A significant interaction with a negative parameter estimate would reveal that twin 
survival declined more rapidly with age than did singleton survival. However, when analysing 
offspring survival there was no significant interaction in either all females (age x litter size = 
0.1871 ± 0.1023, z = 1.82, p = 0.068), or in old females (age x litter size = -0.1130 ± 0.3873, z = 
-0.29, p = 0.770).  The same was true when offspring birth weight was used as the response 
variable, suggesting that the trajectory of senescence in birth weight of twins was the same as 
that of singletons in all females (age x litter size = 0.0304 ± 0.0294, χ² = 1.0625, d.f. = 1, p = 
0.302) and in older females (age x litter size = -0.0160 ± 0.1007, χ² = 0.02, d.f. = 1, p = 0.875). 
Hence, there is no evidence for a trade-off between offspring number and condition in older 
females.  Previous work in this population has shown that additive genetic variance accounts for 
around 11% of the total phenotypic variance in litter size, and that individual-level variation (the 
combined effects of additive genetic variance and the permanent environment effect) accounts 
for around 25% of phenotypic variance (Wilson et al., 2005c). This suggests that genetic 
differences in reproductive physiology could contribute to the lack of an age effect; for instance, 
if females consistently shed two ova when they come into oestrus.     
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4.5.4 Age at last reproduction and selective disappearance 
 
There is substantial evidence for covariance between individual lifespan or age at last 
reproduction and measures of annual fitness in natural populations (e.g. Berube et al., 1999; 
Reid et al., 2003; Reid et al., 2010). In studies of ageing, failing to account for this can lead to 
incorrect estimates of the changes in traits occurring due to ageing. By including ALR in 
analysis of reproductive traits, we tested for associations between reproductive lifespan and age-
specific performance, and in analyses of older females we tested the extent to which selective 
disappearance of individuals contributes to apparent ageing-related declines. In common with 
previous studies (e.g. Berube et al., 1999; Weladji et al., 2006), we found a positive covariance 
between ALR and annual fitness, suggesting that selective disappearance of females with low 
survival and low fecundity could be a large contributing factor to the observed age-specific 
changes. In older females, ALR was significantly associated with annual fecundity and offspring 
growth rate, and marginally non-significantly associated with offspring birth weight (Table 4.7), 
and induced 63%, 18%, and 15% changes in the parameter estimates for age respectively. This 
suggests that selective disappearance may mask ageing-related declines in these three traits, 
since individuals that survive to breed at the oldest ages are those that have the highest 
reproductive performance at any age.  
 
Selective disappearance has been shown to have a large effect on clutch size in birds, with 
individuals laying smaller clutches dying at earlier ages (McCleery et al., 2008; Bouwhuis et al., 
2009), and so it may be that some physiologically weak individuals, or individuals that cannot 
gain access to sufficient resources, fail to breed and die early. However, there was apparently 
only a negligible effect of selective disappearance on offspring survival, with the majority of the 
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change apparently due to individual ageing. A recent study has shown that senescence in 
fledgling number in common terns (Sterna hirundo) is largely due to within-individual ageing 
(Rebke et al., 2010); however, another study of choughs (Pyrrhocorax pyrrhocorax) found that 
age-related change in this trait was largely due to selective disappearance (Reid et al., 2010). 
This illustrates the complexity of ageing in natural populations and that patterns are likely to 
differ between species, even when similar traits are considered, due to variation in breeding 




We have shown that age-specific trajectories and the influence of selective mortality on ageing 
patterns vary among reproductive traits in female Soay sheep. There was no evidence of a 
significant decline in the probability of twinning with age, and we were unable to satisfactorily 
explain why this was so using further analysis – it may be that some females exhibit a tendency 
to produce twins throughout life, due to genetic differences in reproductive physiology. The 
large effect of selective disappearance on annual fecundity suggests that some individuals in this 
population could be in poor physiological state from an early age, and have low reproductive 
success and reduced survival. There was also some evidence for effects of selective 
disappearance on offspring weight and growth rate, emphasizing the importance of condition in 
providing for offspring; individuals with sufficient resources to raise heavy lambs are those with 
sufficient resources to prolong their reproductive lifespan. The terminal decline in annual 
fecundity is consistent with the terminal decline in body weight (Nussey et al., submitted), with 
females rapidly losing body weight and the ability to either conceive or complete gestation; 
terminal declines in offspring weight and survival could also be linked to this. Finally, age-
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specific changes in offspring survival were largely due to within-individual effects, and there 
were also significant ageing-related declines in annual fecundity, and offspring birth weight and 
growth rate in late life. These results show the complexity of ageing patterns across traits, and 
that there is unlikely to be a single reliable indicator trait which marks the onset of organism-
wide senescence. A major limiting factor in the study of ageing in natural populations is the 
quality, depth, and detail of data; studies with detailed longitudinal data on multiple traits are 
rare, and are extremely valuable in identifying variation in ageing rates (e.g. Nussey et al., 
2009a; Lecomte et al., 2010). We have also shown that the importance of selective 
disappearance may differ across traits, and that this can be used to make testable hypotheses 
about the basis of ageing in reproductive traits. Incorporating estimates of the importance of 
ageing, selective mortality, and terminal effects on multiple traits will aid understanding of 
ageing in natural populations and help identify general patterns and population-specific 
processes. 
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Chapter 5 
Natural selection on a measure of parasite resistance varies 
across ages and environmental conditions in a wild mammal 
 
This chapter has been accepted for publication as: Hayward, A.D., Wilson, A.J., Pilkington, 
J.G., Clutton-Brock, T.H., Pemberton, J.M. & Kruuk, L.E.B. (2011) Natural selection on a 
measure of parasite resistance varies across ages and environmental conditions in a wild 




Parasites detrimentally affect host fitness, leading to expectations of positive selection on host 
parasite resistance. However, since immunity is costly, host fitness may be maximized at low, 
but non-zero, parasite infection intensities. These hypotheses are rarely tested on natural 
variation in free-living populations. We investigated selection on a measure of host parasite 
resistance in a naturally-regulated Soay sheep population using a longitudinal data set, and found 
negative correlations between parasite infection intensity and annual fitness in lambs, male 
yearlings, and adult females. However, having accounted for confounding effects of body 
weight, the effect was only significant in lambs. Associations between fitness and parasite 
resistance were environment-dependent, being strong during low-mortality winters, but 
negligible during harsher high-mortality winters. There was no evidence for stabilizing selection. 
Our findings reveal processes that may shape variation in parasite resistance in natural 
populations, and illustrate the importance of accounting for correlated traits in selection analysis. 
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5.2 Introduction  
 
Individuals in natural populations are under constant threat of infection from parasitic organisms 
that have detrimental effects on host condition and fitness (Poulin, 2007). Infection and damage 
by parasites may be resisted by mounting a protective immune response, which may be 
condition-dependent and so should be under positive selection (Rowe & Houle, 1996; Raberg & 
Stjernman, 2003). These assumptions lead to the expectation of positive directional selection for 
parasite resistance; however, since immunity is costly (Colditz, 2008), an intermediate level of 
resistance which manages but does not eliminate parasites may be optimal (Viney et al., 2005). 
Individuals mounting extremely strong immune responses- and hence eliminating parasites- may 
actually have lower fitness because of the associated high energetic cost, while those with very 
low immune responses may have lower fitness because of the damage caused by a high parasite 
burden, ultimately generating non-linear stabilizing selection on parasite resistance and a non-
linear association between host fitness and parasite infection intensity. However, estimates of the 
shape and strength of the association between host parasite resistance and fitness in natural 
populations are rare, with the majority of studies taking an experimental approach. In Kingsolver 
et al.’s (2001) review of over 2,500 estimates of the strength of selection in natural populations, 
not one considered selection on a measure of parasite resistance, immune phenotype, or parasite 
burden. In this study, we analyse the selection pressures acting on a measure of parasite 
resistance in a free-living population of Soay sheep (Ovis aries). 
 
Experimental work in natural populations, where individuals are treated to remove parasites and 
compared with untreated individuals, has typically shown that parasite-free individuals show 
higher survival or reproductive success (e.g. Devevey & Christe, 2009; Knowles et al., 2010). 
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These studies reveal a causal link between parasites and host fitness, but because they typically 
compare treated versus untreated individuals, they may only reveal the costs of parasite 
infection, but not the associated costs of parasite resistance which would be indicated by non-
linear associations between host fitness and parasite resistance. These associations are only 
detectable when more than two treatment levels are compared, or when the full range of natural 
variation in infection intensity is explored (e.g. Stjernman et al., 2008). Recent studies have also 
highlighted the importance of environmental heterogeneity and age structure in determining 
patterns of selection in natural populations (Rausher, 1992; Robinson et al., 2008; Wilson et al., 
2009). However, non-experimental studies of associations between parasites and host fitness 
typically involve sampling or culling over a single selection event (e.g. van Oosterhout et al., 
2007; Hughes et al., 2009), and it is difficult to infer from such studies whether associations 
between fitness and phenotypic traits change with environmental conditions or age. Longitudinal 
studies of selection on parasite resistance in wild populations are rare, but are necessary in order 
to gain a true picture of natural selection.  
 
In this study, we estimated selection on a measure of parasite resistance in a free-living 
population of Soay sheep on the island of Hirta, St Kilda, Scotland. The population lacks 
predators or interspecific competitors, yet experiences fluctuations in population size of up to 
60%, due to variation in winter mortality dependent on previous population size, weather, and 
food availability (Coulson et al., 2001). Body weight is a strong predictor of survival, and in 
years of very high mortality there is strong selection on body weight, with only the heaviest 
individuals surviving (Milner et al., 1999a). The sheep are infected with a variety of parasite 
species, the most prevalent of which are the gastrointestinal strongyle nematodes, largely made 
up of the species Teladorsagia circumcincta, Trichostrongylus axei and Trichostrongylus 
vitrinus (Wilson et al., 2004; Craig et al., 2006). An estimate of individual parasite resistance is 
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gained from counting strongyle eggs shed in sheep faeces; eggs from these and three other 
strongyle species are indistinguishable by eye, and so are counted together as the strongyle 
faecal egg count (FEC hereafter). FEC is strongly correlated with actual worm burden in Soay 
sheep (Gulland, 1992; Grenfell et al., 1995; Wilson et al., 2004), and although it may be 
influenced by unmeasured variation in exposure and worm genetics, which are assumed to be 
homogeneous among individuals, it is repeatable across years, with sheep identity accounting for 
58% and 42% of variation in individual FEC in females and males respectively (Wilson et al., 
2004). A significant proportion of the among-sheep variance in FEC is due to host additive 
genetic variance (Coltman et al., 2001a; Beraldi et al., 2007), and several loci of the Soay sheep 
genome influence FEC (Coltman et al., 2001b; Beraldi et al., 2007).  
 
Previous work in this population has also shown that individual FEC is correlated with host body 
size at both the phenotypic and genetic level (Coltman et al., 2001a; Robinson et al., 2009), and 
is associated with variation in individual behaviour (Hutchings et al., 2002), host sex (Wilson et 
al., 2004), and host age (Craig et al., 2008; Hayward et al., 2009). Research in domesticated 
populations suggests that sheep immunity regulates FEC via effects on both worm number and 
fecundity (Smith et al., 1985; Stear et al., 1995), and that a large proportion of the variance in 
FEC is due to host genotype (Stear et al., 1997; Stear et al., 2009). This high degree of 
individual-based variation in FEC demonstrates its usefulness as an inverse measure of parasite 
resistance, as is widespread in the veterinary parasitology literature where FEC is the target for 
selection for enhanced parasite resistance (Woolaston, 1992; Gruner et al., 2004a; Sayers & 
Sweeney 2005).  
 
Experimental studies in domesticated sheep have relieved parasite burden using anthelmintic 
drugs, and have shown that treatment can increase survival and reproductive performance 
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(Gatongi et al., 1997; Thomson et al., 2000). Similar experiments on St Kilda have shown that 
treated lambs and yearlings have higher survival (Gulland, 1992; Gulland et al., 1993), but that 
treatment has no effect on adult survival (Craig et al., 2009). There is also some experimental 
evidence that gastro-intestinal nematodes may affect female reproduction in a complex way 
(Tempest, 2005). Individual FEC is negatively correlated with host body weight in this 
population, which is itself under positive selection (Milner et al., 1999a; Pelletier et al., 2007). 
This has led to speculation that apparent selection on weight may be due to correlated selection 
on parasite resistance (Milner et al., 1999a). However, despite extensive longitudinal data, the 
associations between naturally-occurring FEC and individual fitness are unknown. Furthermore, 
the genetic correlation between FEC and body weight changes across ages and environmental 
conditions (Robinson et al., 2009), and the strength of selection on body size also varies between 
years (Milner et al., 1999a; Pelletier et al., 2007). These observations suggest that patterns of 
selection on FEC, and the implications of associated selection on body weight, may vary across 
different age groups and across years. 
 
Using individual FEC as a measure of parasite resistance, and considering associations between 
fitness and FEC, we aim to elucidate the patterns of selection acting on parasite resistance. We 
performed selection analysis using multiple regressions of standardized trait values on a measure 
of annual fitness which incorporates survival and reproduction. We tested for linear and non-
linear associations between FEC and annual fitness. We then tested for selection on the 
correlated trait of body weight, and for correlational selection on FEC and body weight (Lande 
& Arnold, 1983; Mitchell-Olds & Shaw, 1987). Finally, we attempted to quantify the extent of 
variation in selection between years of high and low mortality, and also tested for age-related 
changes in the form of selection acting on FEC. We predict that selection on FEC should be 
stronger in lambs, since these have the highest parasite infection intensities (Craig et al., 2009) 
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and lowest annual survival rates (Clutton-Brock et al., 1991). We also predict that FEC will 
covary with fitness more strongly in adverse environmental conditions. Our findings should aid 
understanding of some of the factors contributing to the complexity of selection on parasite 




5.3.1 Study population and data collection 
 
The free-living population of Soay sheep on the island of Hirta, in the St Kilda archipelago, NW 
Scotland (57°49′N 08°34′W), has been the subject of a longitudinal individual-based study since 
1985 (Clutton-Brock & Pemberton, 2004). The size of the population in the intensively-studied 
Village Bay area (around a third of the island) fluctuates between 200 and 700 individuals, with 
occasional large declines in population size due to high winter mortality, known as crashes 
(Figure 5.1). High mortality is associated with high population density, adverse weather, and low 
food availability (Coulson et al., 2001), and in high mortality years survivors lose more weight 
than in low mortality years (Clutton-Brock et al., 1992). Crashes are therefore considered to 
represent adverse environmental conditions where more individuals die and survivors experience 
lower condition than at other times (Clutton-Brock et al., 1992). Lambs are born in April, and 
95% of the Village Bay population are caught, weighed, blood- and tissue-sampled, and given 
individual identification tags within a week of birth (Clutton-Brock & Pemberton, 2004). 
Maternities are assigned on the basis of behavioural interactions between lambs and ewes, and 
paternity is assigned from a pedigree constructed using the R package MasterBayes (Hadfield et 
al., 2006). Lambs are suckled until weaning around June, and are independent by August 
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(Clutton-Brock et al., 2004a). Each August, over 50% of the population are caught and weighed 
(to the nearest 0.1kg), measured, bled, and faecal samples are taken in which parasite eggs (see 
Introduction) are counted using the McMaster egg counting technique (M.A.F.F., 1986). 
Mortality in the population is chiefly due to protein malnutrition (Gulland, 1992), and largely 
occurs over the winter from January to May. Mortality is biased towards juveniles and males, 
but can also be heavy in adult females during crash winters (Clutton-Brock et al., 1991; 1992). 
 
Year




























Figure 5.1: The Village Bay study population on Hirta shows dramatic fluctuations in 
population size. Every few years, a combination of high population density, poor 
weather, low food availability and high parasite burdens cause a sharp decline in 
population size, known as ‘crashes’. Points show population size estimated in October of 
the year indicated, with filled symbols indicating that the previous winter was not a crash, 
and open symbols showing years where the preceding winter was a crash.   
 
5.3.2 Selection analyses 
 
We performed selection analyses considering associations between an annual measure of fitness 
and FEC using multiple regression of fitness on standardized traits to estimate standardized 
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selection gradients (Lande & Arnold, 1983). We analysed 2419 samples collected from 1350 
individuals of known age and weight from 1988-2008. The partial regression coefficients from 
these analyses are a measure of the strength of selection on each trait (Price et al., 1984), and 
have been widely used in evolutionary ecology (Kingsolver et al., 2001). This method estimates 
selection from the covariance between a phenotypic trait and a measure of fitness, and makes no 
assumption about underlying genetic variance of the trait. Using this technique, causality is often 
assumed, with the caveat that the observed association between a trait and fitness may arise from 
an unknown (and unmeasured) trait or factor; measuring likely sources of variation in fitness and 
including them in analyses is one way of validating this assumption (Lande & Arnold, 1983; 
Mitchell-Olds & Shaw, 1987. From herein, we use the term ‘selection’ to describe a phenotypic 
association between a given trait and a measure of fitness. 
 
Lifetime fitness may be defined as the total number of progeny contributed by an individual to 
the next generation. However, natural selection is a continuous process which acts on individuals 
at a given point in time and is not concerned with per generation fitness, and so considering 
selection across time intervals shorter than generations may be informative (Coulson et al., 
2006). Many studies have assessed selection gradients between a phenotypic trait and survival or 
fecundity (Kingsolver et al., 2001), but selection acts on both of these, and so selection 
estimated using only one of these traits will not necessarily be informative in predicting 
evolutionary change (Lande, 1982). In iteroparous animals, lifetime fitness is the sum of the 
contributions of many reproductive events across discrete time periods, but understanding 
selection on age-dependent traits and traits which change across environmental conditions 
requires investigation of the association between the trait and reproductive success within that 
period, plus survival to the next time period, i.e. the annual contribution to lifetime fitness (e.g. 
Gustafsson, 1987; Brommer et al., 2007; Cockburn et al., 2008; Engen et al., 2009; Wilson et 
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al., 2009). This represents the genetic contribution of an individual to the next time step, and 
allows incorporation of the fitness components survival and reproduction into a single variable, 
as well as analysis of age- and environment-specific variation in selection. Using the models 
described below, our selection gradients therefore describe the associations between annual 
contribution to lifetime fitness in a given year and observed FEC. With FEC and body weight 
(WT) measured in August of year t-1, we defined annual contribution to lifetime fitness W of 
individual i over the following winter and breeding season t, as: 
 
Wi,t = pi,t + (0.5 x ri,t) 
 
where pi,t is the survival of individual i over the winter to May 15
th
 of year t, and ri,t is the 
reproductive output of individual i at time t (following Brommer et al., 2007). For brevity, we 
refer to annual contribution to lifetime fitness simply as ‘annual fitness’. Throughout, we 
performed separate analysis for either sex. This allowed us to define reproductive output ri,t 
slightly differently for either sex: for males, ri,t is the number of lambs sired that were born in the 
spring of year t; for females, ri,t is the number of lambs born in year t and surviving to the 
August of that year, thus incorporating a measure of juvenile survival into our measure of female 
reproductive output, since early offspring survival is strongly linked to various aspects of 
maternal phenotype (Jones et al., 2005).  
 
Across age and sex classes, there is substantial variation in the distributions of individual 
mortality rate, reproductive performance, body weight, and parasite burden (Clutton-Brock et 
al., 1991; 1992; 2004a; Craig et al., 2006). For instance, lambs may experience substantially 
higher FEC than both yearlings and adults (Craig et al., 2006), and males aged 2 and over 
achieve far higher reproductive success than those aged under 2 (Robinson et al., 2006). For this 
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reason, we split our data into six age- and sex- specific groups: female and male lambs (around 
four months of age at faecal sampling), female and male yearlings (around 16 months of age), 
and female and male adults (28 months of age or over), potentially for multiple years across their 
lifetimes. We then divided absolute annual fitness Wi,t by the mean within each class to give 
relative annual fitness wi,t for each year of life for each individual. 
 
5.3.2.1 Selection on FEC and body weight 
 
We built up a series of selection analyses testing for associations between annual fitness and 
FEC alone, then a multivariate analysis with FEC and WT, and finally models incorporating age 
and environment-specific variation.  
 
Our longitudinal data include many repeated counts from individuals over many years, so we 
used linear mixed-effects models (LMMs) to analyse selection via relative annual fitness, with 
individual identity and year as random effects in analyses of adults, and with year as a random 
effect in analyses of lambs and yearlings. We initially estimated selection on FEC using a 
univariate model, and under the implicit assumption that the relationship between FEC and 
fitness is independent of other phenotypic traits, age or environmental conditions. FEC + 1 was 
natural log-transformed due to its highly overdispersed distribution; Ln(FEC+1) and WT were 
standardized to zero mean and unit S.D. within each age and sex subset in order to estimate 
standardized selection gradients. We tested for linear and non-linear selection with linear and 
quadratic terms for standardized FEC. Model 1a was used to analyse lambs and yearlings; model 
1b was used to analyse adults: 
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wi,t ~ FEC + FEC² + yeart                                                                                                 (model 1a) 
 
wi,t ~ FEC + FEC² + identityi + yeart                                                                               (model 1b) 
 
By including identityi and yeart as random effects, we accounted for non-independence of 
multiple records from the same individual, and for unexplained environmental variance at both 
the individual and population level.  We next considered the extent of correlated selection with 
weight by including linear and quadratic terms for standardized WT, and the interaction between 
FEC and WT (model 2a and 2b for lambs/yearlings and adults respectively).  
 
wi,t ~ WT + WT² + FEC + FEC²  + WT.FEC + yeart                                                       (model 2a) 
 
wi,t ~ WT + WT² + FEC + FEC²  + WT.FEC + identityi + yeart                                                (model 2b) 
 
This model ascertained whether any selection on FEC found in model 1 could be explained by 
correlated selection on body weight (Lande & Arnold, 1983; Phillips & Arnold, 1989), and the 
interaction term tested for correlational selection between FEC and WT. Regression analysis of 
standardized FEC on standardized WT showed the two to be significantly negatively correlated 
in all age and sex subsets apart from adult males (Figure 5.2).  
 
5.3.2.2 Age- and environment- related variation in selection 
 
We next expanded model 2 to relax the assumption that selection on FEC and WT are constant 
across environmental conditions and ages. In model 3, we tested whether relative fitness differed 
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between crash years and non-crash years (as indicated in Figure 5.1), and whether selection on 
FEC and WT was dependent on whether it was a crash year or not. Model 3 was used to analyse 
lambs and yearlings of each sex separately: 
 
wi,t ~ CRASH + WT + WT² + FEC + FEC²  + WT.FEC +  
CRASH.WT + CRASH.WT² + CRASH.FEC + CRASH.FEC² +                      
CRASH.WT.FEC + yeart                                                                                           (model 3) 
 
where CRASH is a two-level factor and all other terms are as described above. We then analysed 
adults using a model which allowed annual fitness to change with age, the effects of crash years 
to vary across ages, and selection on FEC and WT to change across ages and between crash and 
non-crash years. Age was standardized to zero mean and unit variance, and included in model 4: 
 
wi,t ~ age + age² + CRASH + WT + WT² + FEC + FEC²  + WT.FEC + age.CRASH +          
         age.WT + age.FEC + CRASH.WT + CRASH.FEC +  
         identityi + yeart                                                                                                                     (model 4) 
 
We also ran a model with three-way interactions between age, FEC and WT, and between 
CRASH, FEC, and WT, as well as interactions between CRASH and quadratic WT and FEC, 
and between age and quadratic WT and FEC. These interactions were always non-significant 
and added complexity to the model which was of questionable value with sample sizes of only 
150 in some age and sex subsets, and so we exclude these interactions from the presented 
analysis for simplicity.  
 
 
CHAPTER 5  SELECTION ON PARASITE RESISTANCE   
 116
a)






















































































Figure 5.2: FEC is negatively correlated with body weight in a) lambs, b) yearlings, and 
c) adults. Filled symbols show female data and the black lines show regression fitted to 
the raw data; open symbols show male data and grey lines show the fitted regression. 
Linear regression of standardized FEC on standardized WT showed that the negative 
relationship was significant in all sex and age subsets apart from adult males; 
parameter estimates ± 1S.E. for effects of standardized WT on standardized FEC: 
Female lambs = -0.2956 ± 0.0413, p = <0.001; Male lambs = -0.2247 ± 0.0428, p = 
<0.001; Female yearlings = -0.2847 ± 0.0643, p = <0.001; Male yearlings = -0.1890 ± 
0.0783, p = 0.017; Female adults = -0.1801 ± 0.0335, p = <0.001; Male adults =  -
0.1309 ± 0.0782, p = 0.096. Quadratic terms were tested but all were non-significant.  
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All models were simplified by sequentially dropping non-significant fixed effects from the full 
model, with significance assessed from Wald F-statistics, distributed as χ² on the appropriate 
degrees of freedom, with α = 0.05. In presenting results, we report statistics associated with 
dropping the term in question from the model. All analysis was performed using the GLMM 
procedure with normal errors in GenStat 12
th
 Edition (VSN International, Hemel Hempstead, 




5.4.1. Associations between FEC and annual fitness  
 
The results of models 1a and 1b suggested that annual contribution to lifetime fitness was 
negatively associated with FEC. There was a significant negative linear association between 
annual fitness and FEC in both female lambs (estimate = -0.2096 ± 0.0417, Wald1,578 = 25.31, p 
= <0.001) and male lambs (FEC = -0.2917 ± 0.0855, Wald1,517 = 11.64, p = <0.001). In males 
there was also evidence for a non-linear (quadratic) component to the selection (FEC
2
 = -0.0659 
± 0.0264, Wald1,513 = 0.80, p = 0.013); the negative parameter estimate for the quadratic 
suggested that annual fitness decreased with FEC more rapidly as FEC increased, and that 
therefore there was no evidence for stabilizing or disruptive selection.  In yearlings there was no 
significant selection on FEC in females (FEC = -0.0315 ± 0.0353, Wald1,210 = 0.80, p = 0.373), 
but linear and non-linear effects were again significant in males (FEC = -0.3071 ± 0.1133, 
Wald1,149 = 7.34, p = 0.008; FEC
2
 = -0.1549 ± 0.0482, Wald1,147 = 10.35, p = 0.002), again 
predicting a convex negative curve and that the negative association between annual fitness and 
FEC accelerated as FEC increased. Finally, the linear effect was weak but significant in adult 
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females (FEC = -0.0355 ± 0.0142, Wald1,895 = 6.27, p = 0.012), but not significant in adult males 
(FEC = 0.0425 ± 0.0795, Wald1,157 = 0.29, p = 0.594). The quadratic terms were not significant 
for adults of either sex. 
 
Next we performed a bivariate selection analysis on FEC and WT as correlated traits, using 
models 2a and 2b. In female lambs, there was significant positive association between annual 
fitness and WT, which predicted a positive concave relationship, but even having accounted for 
this we still found a significant linear negative association with FEC (Table 5.1a). There was 
also a positive linear association between annual fitness and WT in male lambs, and a significant 
negative linear association with FEC (Table 5.2a). The interaction term testing for correlational 
selection was not significant in either sex (female estimate = 0.0532 ± 0.0429, Wald1,512 = 1.53, 
p = 0.216; male estimate = -0.0460 ± 0.0511, Wald1,475 = 0.81, p = 0.369). 
 
In female yearlings, there was a significant positive linear association between annual fitness and 
WT (Table 5.1b), but no significant selection on FEC (0.0075 ± 0.0364, Wald1,189 = 0.04, p = 
0.838). In males, having accounted for a significant positive association between annual fitness 
and WT (Table 5.2b), there was no significant association with FEC (0.0411 ± 0.0587, Wald1,145 
= 0.49, p = 0.486). In female adults, annual fitness was significantly positively associated with 
WT (Table 5.1c), and after accounting for this there was no significant selection on FEC (-
0.0132 ± 0.0147, Wald1,835 = 0.80, p = 0.371). In male adults, annual fitness was not significantly 
associated with FEC (0.0513 ± 0.0740, Wald1,145 = 0.48, p = 0.489), but was strongly and 
positively associated with WT (Table 5.2c). 
 
 






Variables Estimate S.E. Wald d.f. p 
a) Lambs      
 Fixed effects      
 Intercept 1.0340 0.1836    
 WT 0.2669 0.0437 37.36 1 <0.001 
 WT
2
 0.0668 0.0298 5.02 1 0.025 
 FEC -0.1287 0.0434 8.80 1 0.003 
 Variance components      
 Year 0.6565 0.2218    
  Residual 0.7700 0.0482       
b)  Yearlings      
 Fixed effects      
 Intercept 0.9615 0.0977    
 WT 0.1977 0.0341 33.57 1 <0.001 
 Variance components      
 Year 0.1376 0.0575    
  Residual 0.1830 0.0191       
c) Adults      
 Fixed effects      
 Intercept 0.9530 0.0560    
 WT 0.0677 0.0151 20.09 1 <0.001 
 Variance components      
 ID 0.0047 0.0054    
 Year 0.0575 0.0215    
  Residual 0.1650 0.0095       
 
 
Table 5.1: Results from model 2a for female lambs (534 samples from 534 individuals) 
and yearlings (201 samples from 201 individuals), and from model 2b for female adults 
(861 samples from 296 individuals). Estimates and SE are from final LMMs analysing 
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 Variables Estimate S.E. Wald d.f. p 
a) Lambs      
 Fixed effects      
 Intercept 1.2260 0.2602    
 WT 0.1725 0.0545 10.02 1 0.002 
 FEC -0.1309 0.0548 5.71 1 0.017 
 Variance components      
 Year 1.3290 0.0770    
 Residual 1.1860 0.0770       
b) Yearlings      
 Fixed effects      
 Intercept 0.9717 0.1677    
 WT 0.2337 0.0584 16.00 1 <0.001 
 WT
2
 -0.1013 0.0353 8.23 1 0.005 
 Variance components      
 Year 0.3756 0.1616    
 Residual 0.4220 0.0505       
c) Adults      
 Fixed effects      
 Intercept 1.1190 0.1731    
 WT 0.5078 0.0805 39.82 1 <0.001 
 WT
2
 0.1906 0.0609 9.81 1 0.002 
 Variance components      
 ID 0.1272 0.0935    
 Year 0.4100 0.1903    
 Residual 0.5900 0.1030       
 
Table 5.2: Results from model 2a for male lambs (497 samples from 497 individuals) 
and yearlings (157 samples from 157 individuals), and from model 2b for male adults 
(154 samples from 102 individuals). Estimates and S.E. are from final LMMs analysing 
associations between annual fitness, FEC and WT. 
 
 
5.4.2 Selection across ages and crash years 
 
In all age- and sex-specific data subsets, annual fitness was significantly lower in crash years 
than in non-crash years. Contrary to our a priori prediction, model 3 showed that the negative 
association between annual fitness and FEC was stronger in non-crash years than in crash years 
(Table 5.3), suggesting that there was negligible selection on FEC in crash years, but that there 
was negative selection on FEC in non-crash years (Figure 5.3). Annual fitness was positively 
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associated with WT in both sexes, and this relationship did not differ significantly between crash 
and non-crash years. In yearlings, only WT and crash year were significantly associated with 
annual fitness, with a positive effect of WT (Female = 0.2001 ± 0.0331, Wald1,196 = 36.52, p < 
0.001; Male WT = 0.2293 ± 0.0580, Wald1,152 = 15.64, p < 0.001; Male WT² = -0.0870 ± 0.0353, 
Wald1,151 = 6.08, p = 0.015), and lower fitness in crashes (Female  = -0.6299 ± 0.1105, Wald1,12 = 
32.49, p < 0.001; Male = -0.8254 ± 0.2637, Wald1,12 = 9.80, p = 0.009).  
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Figure 5.3: Results from model 3, showing predicted relative annual fitness as a 
function of standardized faecal egg count for a) female lambs and b) males lambs. In 
both case, FEC is negatively associated with relative annual fitness in non-crash years 
(black lines), but is not associated with fitness in crash years (grey lines). Solid lines 
indicate model predictions; dashed lines indicate 95% confidence intervals.  
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  Variables Estimate S.E. Wald d.f p 
a) Females      
 Fixed effects     
 Intercept 1.3470 0.1759    
 WT 0.2684 0.0434 38.22 1 <0.001 
 WT² 0.0680 0.0297 5.26 1 0.022 
 FEC -0.2039 0.0531 9.54 1 0.002 
 Crash      
 0 0.0000  11.26 1 0.004 
 1 -1.0807 0.3201    
 FEC x Crash     
 0 0.0000  5.97 1 0.015 
 1 0.2162 0.0885    
 Variance components    
 Year 0.4048 0.1471    
  Residual 0.7640 0.0479       
b) Males      
 Fixed effects     
 Intercept 1.6210 0.2540    
 WT 0.1593 0.0548 8.46 1 0.004 
 FEC -0.3420 0.1024 5.63 1 0.018 
 FEC² -0.0587 0.0259 4.22 1 0.041 
 Crash      
 0 0.0000  10.81 1 <0.001 
 1 -1.4794 0.4711    
 FEC x Crash     
 0 0.0000  4.02 1 0.046 
 1 0.2596 0.1295    
 Variance components    
 Year 0.8700 0.3140    
  Residual 1.1770 0.0770       
 
 
Table 5.3: Results of model 3 (LMM analyzing selection on body weight and FEC, 
effects of crash years, and differences in selection between crash years) via relative 
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For adult females, the results of model 4 provided no support for significant selection on FEC (-
0.0058 ± 0.0139, Wald = 0.18, d.f. = 1,  p = 0.675), after conditioning on WT and age-related 
sources of variation (Table 5.4). We found that annual contribution to lifetime fitness was 
significantly lower in crash years, and peaked around age 5, with the decline in annual fitness in 
the oldest sheep steeper in crash years than in non-crash years (Figure 5.4a). Selection on WT 
strengthened with increasing age within the adult class, with apparently weak selection in young 
and prime-aged adult females but strong positive selection in the oldest females (Figure 5.5). 




Variables Estimate S.E. Wald d.f. p 
Fixed effects      
Intercept 1.0840 0.0272    
WT 0.0671 0.0196 35.16 1 <0.001 
Crash      
0 0.0000  61.87 1 <0.001 
1 -0.3477 0.0449    
Age -0.0220 0.0072 101.07 1 <0.001 
Age² -0.0116 0.0019 38.03 1 <0.001 
Crash x Age      
0 0.0000  13.22 1 <0.001 
1 -0.0398 0.0110    
WT x Age 0.0178 0.0049 13.28 1 <0.001 
Crash x Age      
0 0.0000  8.92 1 0.003 
1 0.0867 0.0290       
Variance components      
ID 0.0174 0.0063    
Year 0.0048 0.0033    
Residual 0.1350 0.0080       
 
 
Table 5.4: Final result of model 4 (LMM analyzing selection on body weight and FEC, 
effects of age and crash years, and changes in selection across ages and crash years) 
via relative annual fitness in female adults aged 2-12 (861 samples from 295 
individuals). Five measures from 13-year-olds and one measure from a 14-year-old 
were included as age 12. 
 
 


























































Figure 5.4: The results of model 4 for adult females showed that a) relative annual 
fitness declines more sharply with age in crash years (open symbols, grey line) than it 
does in non-crash years (filled symbols, black line). A decline in fitness with age is 
apparent from the age of 6 in crash years, but not until the age of 8 in non-crash years. 
Points show mean relative fitness at each age ± 1 S.E.; lines show best fit through the 
plotted data. Results also show that b) selection on body weight in crash years (grey) is 
predicted to be stronger than in non-crash years (black). Solid lines show predictions 




















































Figure 5.5:  Surface plot of predictions from model 4 (Table 5.4) for adult females. Results 
suggest that selection on body weight is negligible at early ages, but becomes increasingly 
positive at older ages. 
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 In adult males, we found that annual contribution to lifetime fitness was significantly and 
positively associated with WT, and that males had lower annual fitness in crash years (Table 
5.5). The significant interaction between WT and age indicates that positive selection was 
strongest in the oldest individuals (Figure 5.6a). FEC was not significantly associated with 
annual fitness overall, but the significant interaction with age suggested that there was no 
association in young and middle-aged males, but a positive association in the oldest males, a 
surprising indicator of positive selection on FEC in these individuals (Figure 5.6b). The 
significant interaction between FEC and WT suggested that there was a tendency for a negative 
association between FEC and relative fitness in heavy males, but a positive tendency in light 
males. 
 
Variables Estimate S.E. Wald d.f. p 
Fixed effects      
Intercept 1.3120 0.1996    
WT 0.3593 0.1098 39.69 1 <0.001 
FEC -0.0150 0.0732 0.18 1 0.668 
Crash      
0 0.0000  6.62 1 0.025 
1 -0.7964 0.3096    
Age 0.0634 0.0949 2.02 1 0.157 
WT x FEC -0.1519 0.0669 5.16 1 0.025 
WT x Age 0.1861 0.0733 6.45 1 0.012 
FEC x Age 0.1764 0.0610 8.37 1 0.004 
Variance components      
ID 0.1611 0.0964    
Year 0.2918 0.1567    
Residual 0.5400 0.0985       
 
 
Table 5.5: Final result of model 4 (analyzing selection on body weight and FEC, effects 
of age and crash years, and changes in selection across ages and crash years) via 
relative annual fitness in male adults aged 2-6 (154 samples from 102 individuals). One 
measure from a seven-year-old and one measure from an eight-year-old were included 
as age 6. 
 
 


























































































Figure 5.6:  Surface plots of predictions from model 4 (Table 5) for adult males. Results 
suggest that a) as in adult females, selection on body weight strengthens with increasing 
age; b) although there is no selection on FEC overall, there is a suggestion that 
increasing FEC is positively associated with annual fitness in the oldest males.  
 




In this study, we have performed selection analysis on natural variation in a measure of parasite 
resistance in a longitudinally-monitored mammal population. Our results suggest that, once 
covariance with weight is accounted for, there is positive selection on parasite resistance (i.e. 
negative associations between fitness and FEC) in lambs of both sexes but not in older sheep. 
We also found that the magnitude of selection on both FEC and weight changed across ages and 
between crash and non-crash years for particular age and sex classes. This study is a rare attempt 
to quantify selection on a measure of parasite resistance in a natural population, and shows the 
importance of age and environmental conditions in determining selection regimes. 
 
5.5.1 Selection on FEC via annual fitness 
 
We found a significant negative association between a measure of annual fitness and FEC in 
lambs, yearling males, and adult females. However, once we accounted for effects of body 
weight on fitness, the association between FEC and fitness was only significant in lambs, 
emphasizing the importance of accounting for correlated characters in selection analysis (Lande 
& Arnold, 1983; Phillips & Arnold, 1989). FEC is treated as a measure of parasite resistance in 
this population and in domesticated sheep populations under the assumptions outlined in the 
Introduction. Assuming that FEC reflects individual parasite resistance, the results suggested 
that there was phenotypic selection for enhanced parasite resistance in lambs, but that in older 
animals, selection on parasite resistance was either absent, or indirect and occurring through 
positive selection on the correlated trait of body weight. Experimental studies in this population 
have shown that anthelmintic treatment improves survival in lambs and yearlings (Gulland, 
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1992; Gulland et al., 1993), but not adults (Craig et al., 2009). Our results therefore support 
experimental data to some extent, but also reveal more details of the relationships between FEC 
and host fitness. The prevalence of strongyles in lambs is 95%, and so very few lambs have zero 
FEC under natural conditions (Craig et al., 2008) and therefore experiments may not have been 
representative of the natural distribution of FEC. We were able to test for non-linear selection on 
FEC, although we found no evidence for stabilizing selection on FEC and therefore no 
significant cost to parasite resistance. Thus, our results suggest that the association between FEC 
and fitness in lambs is linear across the full range of natural variation in FEC, with individuals 
with very high FEC having the lowest fitness, something which experimental studies could not 
test. Possible reasons for our not finding significant selection on FEC in yearlings may be related 
to the fact that we conditioned our analyses on WT, and that the experiment of Gulland et al. 
(1993) was conducted over a single crash winter. In such a winter, individuals relieved of 
parasite pressure were compared with individuals which were likely to have high levels of 
parasites due to the high population density and their poor condition.  
 
The current findings and those presented previously (Gulland, 1992; Gulland et al., 1993; Craig 
et al., 2009) raise the question of why FEC should be negatively associated with annual fitness 
in lambs but not in adults. Mean August FEC is around four times higher in lambs (Craig et al., 
2008), and the relative frequencies of different species of strongyles change across ages; in 
lambs that die over winter, over 80% of mature worms are Trichostrongylus spp., while these 
species account for only around 50% of mature worms in adult sheep, which is associated with a 
large decline in absolute numbers of Trichostrongylus spp. (Craig et al., 2006). In domesticated 
sheep, this age-related decrease in Trichostrongylus spp. is due to the development of immunity 
as sheep mature (Waller & Thomas, 1981; Smith et al., 1985). A possible target of selection is 
therefore development of resistance to Trichostrongylus spp. over the first summer, since 
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Trichostrongylus vitrinus is the worm species most closely associated with over-winter weight 
loss (Craig et al., 2009). Alternatively, if FEC reflects exposure to parasite larvae rather than 
resistance, it may be lambs that are exposed to more parasites that have higher fitness. Support 
for the resistance hypothesis comes from an experimental study which infected domesticated 
Soay lambs with a fixed dose of T. circumcincta larvae, and showed that males harboured more 
worms at slaughter than did females. This suggests individual differences in the rate of 
establishment of parasites due to host sex (Gulland, 1991), and raises the possibility that other 
sources of individual heterogeneity could contribute to variation in parasite resistance. Hence, 
lambs that develop effective resistance to Trichostrongylus spp. could experience higher fitness, 
and selection for higher parasite resistance over the first winter of life could be a reason for the 
lower prevalence of Trichostrongylus spp. in those that survive to adulthood. 
 
Despite no evidence for significant selection on FEC in adults, there was at least a qualitative 
suggestion that the relationship between FEC and fitness is actually positive in the oldest adult 
males (Figure 5.5b). It is possible that the oldest males may adopt a strategy of terminal 
investment, in which, in the face of physiological deterioration, increased parasite load, and 
declining survival prospects, they invest heavily in reproduction (e.g. Bonneaud et al., 2004; 
Velando et al., 2006) and less in immunity and so achieve higher annual fitness despite having 
higher FEC. However, only 22 samples were obtained from a total of 16 males aged 5 and over, 
and the data set for adult males was substantially smaller than that for lambs and adult females 
due to lower male lifespan. It is possible that the result is a type I error (a false positive); even if 
not, the biological significance of selection at this age, in terms of its potential impact on life-
history evolution or population dynamics, is questionable.   
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5.5.2 Selection on FEC across environmental conditions 
 
In lambs of both sexes, selection on FEC was negative in non-crash years, and absent in crash 
years. Assuming that crash years represent harsher environmental conditions (Clutton-Brock et 
al., 1992), this is contrary to the general expectation that selection should be stronger in more 
adverse environmental conditions (e.g. Verhulst, 1998; Wilson et al., 2006). Thus, we have 
found evidence for variation in selection across environmental conditions, but in a direction 
contrary to that expected from evolutionary theory and previous empirical evidence. A simple 
explanation for this is that mortality in lambs in crash years is so high (72-95%) that there is 
little variance in fitness and so little opportunity for selection. However, there is positive 
selection on body weight in lambs during both crash and non-crash years (Table 5.3), suggesting 
that this explanation is not sufficient. It may be that under such conditions, FEC is generally 
high in the population and becomes uncoupled from body weight, which is under stronger 
selection during these winters. Comparison with estimates of selection gradients on other 
phenotypic traits in other populations, suggests that in crash years selection on FEC in lambs is 
relatively strong (Kingsolver et al., 2001).   
 
As discussed above, there is considerable genetic variance for FEC in this population (Coltman 
et al., 2001a; Beraldi et al., 2007), and given the evidence we have presented here for negative 
selection on FEC, we might ask what maintains this variance. The potential mechanisms 
underlying the maintenance of variation in FEC include temporal and spatial environmental 
heterogeneity and variation in worm genetics, neither of which are under the control of 
individual sheep. However, a large number of individual-level differences do contribute to 
variation in FEC, including  the genetic complexity of immunity (Paterson et al., 1998; Beraldi 
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et al., 2007), challenge by a wide range of parasites eliciting different types of immune 
responses (Wilson et al., 2004; Cox, 2001), and the fact that parasite resistance is likely to be 
condition-dependent. Individuals with greater resources at their disposal are likely to have higher 
parasite resistance, and since condition is a complex trait determined by many genetic and non-
genetic factors it may show substantial genetic variance (Price & Schluter, 1991; Rowe & Houle, 
1996), leading to the expectation of considerable variation in FEC. These factors are non-
mutually exclusive, and our results here provide evidence that variable selection across ages and 
years could be another factor maintaining variation in parasite resistance in natural populations.  
 
5.5.3 Selection on body weight 
 
Previous work has shown that body weight is positively associated with both survival (Clutton-
Brock et al., 1992; Jones et al., 2005) and reproductive success (Clutton-Brock et al., 1996; 
Coltman et al., 1999b) in the study population. Our study has confirmed this, and has also shown 
variation in selection on weight across ages and between crash and non-crash years. In adult 
females, selection on weight was stronger in crash years, a result which concurs with previous 
findings (Pelletier et al., 2007). In adult sheep of both sexes, selection on weight strengthened 
with increasing age, with heavy young sheep predicted to have only marginally higher annual 
fitness than lighter individuals, but heavier sheep enjoying far higher fitness as age increased. 
These models also revealed that senescence in annual fitness shows a more rapid decline in 
lighter adults than in heavy adults, which are able to maintain high annual fitness until death 
(Figure 5.5 and Figure 5.6a). It is known that annual fitness declines in the oldest females in this 
as in other populations (Wilson et al., 2009; Jones et al., 2008), due to senescence (both actuarial 
and reproductive). As ageing progresses and physiological systems deteriorate, the heaviest 
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females are still able to survive and/or reproduce, possibly as a result of greater resource 
availability, while lighter females cannot, resulting in strong positive selection on body weight. 
In young, healthy sheep, even lighter females are vigorous enough to survive and reproduce. 
Similarly, old males who are heavy can maintain investment in reproductive effort, while those 




Longitudinal, individual-based sampling in natural populations is difficult to accomplish, but it 
can reap rich rewards. For instance, by analysing selection on multiple traits over repeated 
episodes, a true picture of the target of selection can be gained (e.g. Milner et al., 1999a). Here, 
we have provided a rare investigation of selection acting on natural variation in a measure of 
parasite resistance in a wild mammal. Our findings suggest that there is significant negative 
selection on FEC only in lambs, once selection on the correlated trait of body weight is 
accounted for. We have also used our longitudinal data to show how selection patterns change 
across ages, and with environmental conditions. Such processes are of tremendous importance in 
age-structured populations inhabiting heterogeneous environments, but are rarely examined. 
This is in part because longitudinal sampling for parasites is difficult, and so it may be easier to 
take blood samples and analyse selection on measures of immune responsiveness (see 
Gustafsson et al., 1994; Raberg & Stjernman, 2003; Parejo & Silva, 2009, for rare examples). 
The first such analysis in the Soay sheep, of a heritable measure of antibody responsiveness, 
showed complex selection, with antagonistic selection via fecundity and survival (Graham et al., 
2010). In this system it would be desirable to estimate selection on measures of immune 
responsiveness in August and selection via annual fitness, and the separate components of 
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fitness, which may be traded-off via immunity (e.g. Mills et al., 2010). More such studies would 
be welcome in aiding our understanding of natural selection on parasite resistance in natural 
populations, since only then will we begin to appreciate the extent of the influence of parasites 
on hosts in nature and their role in determining fitness and shaping life-history trade-offs 
between immunity, survival and reproduction. 
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Chapter 6 
Phenotypic and genetic associations between natural parasite 




Ecologists have long been interested in measuring investment in immunity in natural 
populations, particularly to estimate the cost of immune responses and trade-offs with other host 
life-history traits. However, global measures of immunity are often used which are not relevant 
to host-parasite interactions in the study population, or correlated with aspects of host condition 
or fitness, making interpretation of results difficult. In this study, we investigate the associations 
between an estimate of parasite infection intensity, an antibody with a wide array of specificities, 
and a parasite-specific antibody response in lambs and adult females in a natural population of 
Soay sheep. We found no evidence that parasite infection intensity was associated with either 
antibody response, but found that the antibody responses were positively correlated. There was 
considerable additive genetic variance in both antibody responses, which changed across ages in 
contrasting ways. Multivariate quantitative genetic analysis revealed that the correlation between 
antibody responses was largely due to residual effects in adults, but the genetic correlation was 
strong in lambs though marginally non-significant. The different traits also differed in their 
associations with body weight. The parasite-specific antibody response was positively associated 
with survival in lambs, but this was non-significant once the effect of a measure of parasite 
infection intensity was accounted for. The results reveal some of the links between antibody 
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responses, parasite resistance and physiological processes, and also provide the impetus for 




Individuals in natural populations are infected with a variety of parasites, with large variation 
between hosts in parasite resistance and tolerance to infection (Wilson et al., 2002; Raberg et al., 
2009). Two common assumptions are that hosts harbouring more parasites have lower fitness, 
and that hosts with fewer parasites mount stronger immune responses and invest more resources 
in immunity (Graham et al., 2011). However, these assumptions may not apply in heterogeneous 
natural environments where hosts are nutrient-limited and vary widely in condition or health 
(Lazzaro & Little, 2009; Tompkins et al., 2011). The mammalian immune system and 
mechanisms of response to infection have been described in detail in laboratory studies (Murphy 
et al., 2008), and yet the immune responses of mammals in natural populations have been 
relatively poorly studied, with the exception of humans (e.g. Jackson et al., 2009b; McSorely & 
Loukas, 2010; Bourke et al., 2011). Studies in natural populations are important because they 
more closely reflect the situation in human populations where helminth infections are endemic 
than do laboratory populations of inbred mice with access to unlimited resources (Pedersen & 
Babayan, 2011). The majority of studies in natural populations have been on birds and have used 
global measures of immune function which may not be correlated with biologically relevant 
traits such as parasite infection intensity, individual condition, or where multiple measures have 
been used, even each other, and so meaningful interpretation of results may be difficult (Matson 
et al., 2006; Saks et al., 2006). It has been suggested that measures of immunity which are 
relevant to population-specific host-parasite interactions should be assayed, using the 
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immunological literature as a guide (Adamo, 2004; Bradley & Jackson, 2008). A recent paper 
has outlined a variety of approaches for employing data on parasite infection intensities, immune 
phenotypes, and host fitness in order to better understand associations between hosts and parasite 
in natural populations (Graham et al., 2011). In this study, we investigate the associations 
between an indicator of parasite infection intensity and two antibody responses in the free-living 
population of Soay sheep on the islands of St Kilda. 
 
One of the key mechanisms contributing to observed heterogeneity in parasite infection 
intensities in natural populations is genetic heterogeneity in host susceptibility, and yet estimates 
of genetic variance in measures of parasite resistance or immune phenotype are extremely rare in 
natural populations (Wilson et al., 2002), with the exception of humans (Quinnell, 2003). The 
few published studies provide rare evidence that traits such as parasite resistance and immune 
responses have the potential to evolve (e.g. Coltman et al., 2001a; Beraldi et al., 2007; Pitala et 
al., 2007), but it is not known how these traits covary at the genetic, individual, or environmental 
level, which is crucial in understanding the evolutionary dynamics of phenotypic traits. Genetic 
correlations occur when linked genes influence multiple phenotypic traits, such that selection on 
one trait will lead to correlated selection on related traits (Lande, 1979). Estimates of 
correlations between traits associated with genetic and other sources of covariance can be gained 
from multivariate genetic analysis of phenotypic traits (Blows, 2007), which requires detailed 
data on phenotypic traits and relatedness. Such techniques have recently been used to study the 
genetic architecture of life-history traits in natural populations (e.g. Charmantier et al., 2006a). 
Such analysis could reveal whether there is a genetic basis to immune responses, whether there 
are synergistic or antagonistic genetic relationships between different types of immune response, 
and whether immune responses are genetically correlated with condition or parasite infection 
intensity. This would facilitate understanding of the processes governing associations between 
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host immune responses and parasites, as well as giving a more detailed picture of the potential 
for selection on such traits. 
 
Infections with gastrointestinal helminth parasites are associated with reduced fitness in the St 
Kilda Soay sheep population (Gulland et al., 1993; Hayward et al., in press), but it is unknown 
how these parasites are associated with specific immune responses. Recently however, assays for 
several aspects of immunity have been conducted on stored blood samples, including anti-
nuclear antibodies (hereafter ANA). ANA are a mixed population of autoantibodies that bind to 
an array of specific mammalian nuclear and cytoplasmic antigens and although they are 
implicated in autoimmune disease (Arbuckle et al., 2003) they are also associated with normal 
immune function (Digheiro & Rose, 1999). In the Soay sheep population, higher ANA levels are 
associated with increased probability of survival of harsh winters, but negatively associated with 
reproductive success in the previous breeding season (Graham et al., 2010). Here, we describe 
analysis of ANA and anti- Teladorsagia circumcincta antibody, which includes all antibody 
isotypes reactive to antigens of adult T. circumcincta, one of the most prevalent parasitic 
nematodes in the population.  A key indicator of T. circumcincta infection intensity is the 
number of parasite eggs counted in faecal samples (faecal egg count, FEC, see below), and work 
in domesticated sheep has shown that this is reduced in resistant hosts by immunoglobulin A-
mediated regulation of worm size and fecundity (Stear et al., 1995; Stear et al., 1997; Martinez-
Valladares et al., 2005). However, it is unknown how specific antibody responses are associated 
with this estimate of parasite burden in this population, nor how measures of a parasite-specific 
immune response correlate with host condition or fitness, and this study is a first attempt to 
establish these relationships. 
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We tested for associations between FEC, ANA, and anti- T. circumcincta antibody (TcAb) using 
an eleven-year longitudinal data set, containing data on antibody responses, parasite infection, 
and life-history variables on over a thousand individuals, in lambs of both sexes and in adult 
females. Firstly, we tested for associations between the variables themselves using linear mixed-
effects models, and accounted for associations with sex, age, and weight. We then performed 
univariate quantitative genetic analysis to partition the phenotypic variance in each trait into 
additive genetic and non-genetic sources of variation. We used a multivariate quantitative 
genetic analysis to test for covariance between traits, and to test for genetic correlations. Finally, 
we tested for associations between each of the three variables and survival. Immunity takes 
around six months to develop in domesticated sheep (Waller & Thomas, 1981; Smith et al., 
1985), and so across age groups we expect to see this reflected in changes in both parasite 
burden and immune function. We predict that TcAb and ANA will show positive phenotypic and 
genetic correlations, since it is likely that antibody production will be associated with the same 
or linked genes (Covelli et al., 1989; Amor et al., 2005, and references therein). We also predict 
that the association between TcAb and FEC will be positive in lambs, since naïve lambs should 
produce antibody in proportion to the amount of antigen they encounter, and negative in adults, 
since TcAb should exert a protective effect and regulate FEC (Quinnell et al., 1995). We expect 
that ANA and FEC will be uncorrelated, since ANA include antibodies with a wide array of 
specificities which may be elicited by a variety of antigens. Finally, we predict that FEC will be 
negatively associated with survival, while the antibody measures will be positively associated 









6.3.1 Study population and data collection 
 
The Soay sheep population of the St Kilda archipelago, NW Scotland (57°49′N 08°34′W), is 
thought originate from some of the first domesticated sheep in northern Europe, and to have 
been free-living on the island of Soay for several thousand years. The largest island of the 
archipelago, Hirta (638ha), was home to a human population until 1930, when they were 
evacuated due to their dwindling population size, and in 1932, 107 sheep were moved from Soay 
onto Hirta. The Hirta population has subsequently expanded, and the population inhabiting the 
Village Bay area of the island (around a third of the total sheep population and acreage) has been 
the subject of a longitudinal individual-based study since 1985 (Clutton-Brock & Pemberton, 
2004). During the lambing season in April, around 95% of lambs are captured within a week of 
birth, given individual identification tags, and are blood sampled and weighed (Clutton-Brock & 
Pemberton, 2004). Maternities are assigned on the basis of behavioural interactions, and 
paternity is assigned using a pedigree constructed using the R package MasterBayes (Hadfield et 
al., 2006). Assignment of paternity is based on a combination of microsatellite and allozyme 
markers, and with fixed effects of horn type and age; paternity is assigned to a sire if that sire is 
predicted in at least 80% of the samples of the posterior distribution of the pedigree (Morrissey 
et al., submitted). Each August, around 60% of the Village Bay population are captured and 
weighed, measured, blood sampled, and faecal sampled. Blood samples are stored at 4°C, until 
centrifugation at 3000rpm for 15 minutes, within 24 hours of collection. Plasma is collected, 
aliquoted, and stored at -20°C until assayed. The majority of sheep captured produce a faecal 
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sample, which is stored at 4°C until it is examined for helminth parasite eggs. Blood and faecal 
samples assayed here were collected in Augusts during the period 1997 – 2007.   
 
6.3.2 Parasitology and antibody assays 
 
Faecal egg count 
 
Faecal egg counts were conducted on August faecal samples using the McMaster egg counting 
technique. 3g of each faecal sample was placed in a tea strainer, and homogenized using a pestle 
whilst suspended in a bowl containing 87ml of saturated salt solution. The residual fluid was 
drained, and the contents of the bowl mixed with a pipette before filling both chambers of a 
McMaster slide, which has a marked grid, the volume of fluid under which is 0.30ml in total. 
Helminth eggs were then counted at 10x magnification, and the count was multiplied by 100 to 
give an egg count in eggs per gram of faeces.  The most prevalent group of gastrointestinal 
parasites infecting the sheep are the directly-transmitted strongyle nematodes, a group of species 
largely consisting of Teladorsagia circumcincta, Trichostrongylus axei, and Trichostrongylus 
vitrinus. The eggs of these species and three others are indistinguishable by eye, and are counted 
together in the strongyle faecal egg count (hereafter referred to as FEC). Previous work on this 
population suggests that FEC is positively and linearly correlated with worm infection intensity 
(Gulland, 1992; Grenfell et al., 1995; Wilson et al., 2004). Heterogeneity in parasite genetics 
and stochastic variation in exposure are likely to contribute to variation in FEC. However, FEC 
also shows considerable variation due to differences between individuals; for instance, it shows 
substantial repeatability, with r = 0.58 ± 0.03 across years in females, and r = 0.42 ± 0.07 in 
males (Wilson et al., 2004). There is also substantial variation in FEC due to genetics (Coltman 
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et al., 2001b; Beraldi et al., 2007), body size (Coltman et al., 2001a; Robinson et al., 2009), sex 
(Gulland & Fox, 1992; Wilson et al., 2004), and age (Craig et al., 2008; Hayward et al., 2009). 
The large amount of individual-level variation suggests that FEC may be treated as a trait of 
individual sheep, and indeed it is the indicator trait of choice in selective breeding for parasite 




A previous study assayed 2622 plasma samples taken from 1476 individual sheep in the Augusts 
of 1997-2007 (Graham et al., 2010). In a subset of 284 samples, it was shown that ANA is 
positively but quite weakly associated with three other antibody responses (RNP-specific 
antibody, anti- T. circumcincta antibody, and total immunoglobulin (Ig)G), indicating that ANA 
may reflect general levels of antibody responsiveness (Graham et al., 2010). The antibody assays 
were described in full by Graham et al. (2010, SOM); data from these assays are used in the 
present analysis:  
 
Plasma samples were analysed with a REAADS ANA Test ELISA kit (Corgenix UK Ltd), 
modified for use in sheep with a polyclonal rabbit anti-sheep immunoglobulin secondary 
antibody (Ig/HRP P0163, Dako UK Ltd). Kit antigens consisted of various purified mammalian 
nuclear and cytoplasmic antigens derived from HEp-2 (Human Epithelial cell line 2) cells, 
including RNP, Sm, SSA, SSB, Scl-70, Jo-1, CENP-B, Ribosomal P, DNA, and histones. 
Thawed plasma samples were diluted 1:50 on ice, transferred in 100µl aliquots to antigen-coated 
ELISA plates, and incubated at 37°C for two hours. Wells were emptied, washed 4 times, and 
secondary antibodies were added at 0.1625µg/ml. Plates were incubated at 37°C for one hour, 
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and wells were emptied, washed four times, and 100µl of TMB/H202 substrate were added per 
well. Plates were incubated at room temperature in the dark for 15 minutes, and 100µl of stop 
solution (1N sulphuric acid) were added per well. Absorbance (optical density, or O.D.) was 
then measured at 450nm on an Emax Precision Microplate reader (MDS Analytical 
Technologies, USA). Plasma-free blanks were run for both human- and ovine-specific secondary 
antibodies, and two controls were run on every 96-well plate: a Soay neonate “background 
control” sample with ovine-specific secondary antibody, and a human ANA-positive control 
with human-specific secondary antibody. Mean O.D. was 0.08 ± 0.01SD for plasma-free blanks, 
and 0.31 ± 0.08SD for neonate plasma. Controls were run in order to correct for variation in 
laboratory conditions on the rates of ELISA reactions, such as variation in ambient temperature. 
For each assay, a second sample was run on a different day, and the mean of the duplicates was 
taken for all statistical analysis.  
 
To ensure that O.D. data were linearly related to the true concentrations of ANA, ANA titres 
were quantified by endpoint dilution analysis of a subset of the samples, consisting of the top 5% 
and bottom 1% of ANA O.D., since the highest values are most prone to saturation of the 
concentration curve (see Graham et al., 2010, SOM and references therein). A doubling dilution 
series from 1:50 to 1:400 was assayed for these samples, and titre was defined as the reciprocal 
of the last dilution at which sample O.D. was greater than background, plus 3SD. The O.D. 
reading in the original assays correlated strongly with the subsequent titre determination (rho = 
0.72, p = <0.001), supporting the use of O.D. as a quantitative estimate of ANA concentration 
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Anti-T. circumcincta antibody: 
 
We measured antibodies of all isotypes against adult T. circumcincta (hereafter TcAb) in the 
same plasma samples as previously assayed for ANA. Plasma samples were analysed using a 
Sandwich ELISA: NUNC-immuno plates (Code: 439454, Maxisorp, Thermo Fisher Scientific) 
were coated with 50µl per well of adult T. circumcincta antigen (at a concentration of 2µg per ml 
of carbonate buffer), and incubated overnight at 4°C. Plates were emptied, before adding 200µl 
of 5% BSA:carbonate buffer and incubating for 2 hours at 37°C. Plates were washed five times 
with TBST using an automated plate washer. Sera were added to the first wells of each row of 
the plate, with one row on each plate used for a naïve blackface negative control (a sample from 
an individual animal of a domesticated breed, not exposed to parasites). A doubling dilution 
series was run across the plate, such that there were 12 dilutions of each sample per plate, from 
1:50 to 1:1,024,000.  Plates were then incubated for two hours at 37°C, and then washed 5 times 
with TBST using an automated plate washer. Detection antibody (Polyclonal Rabbit Anti-Sheep 
Immunoglobulins/HRP; DakoCytomation (Code no.: P0163)) was added (1:8000) at 100µl per 
well. Plates were then incubated for 1 hour at 37°C, washed 5 times with TBST, and twice with 
distilled water. TMB substrate was then added at 100µl per well, plates were allowed 3 minutes 
to develop, and the reaction stopped with 100µl of 1M HCl. Absorbance (optical density, or 
O.D.) was measured at 450nm on an Emax Precision Microplate Reader (MDS Analytical 
Technologies, USA). While this assay was intended to measure antibodies specific to adult T. 
circumcincta, there is likely to be considerable cross-reactivity with antigens of other parasites, 
including larval stages and other strongyle species (Williams et al., 2010). 
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6.3.3 Statistical analysis 
 
We analysed 956 samples from lambs, with one sample per lamb, and 1018 samples from 406 
adult females aged two and over (mean samples per female = 2.50, range = 1 – 11), collected in 
the Augusts of 1997-2007. We did not analyse yearlings or adult males due to the small number 
of samples from both of these subsets.  
 
6.3.3.1 Response variables 
 
Faecal egg count (FEC): FEC provides an estimate of parasite infection intensity by counting 
the number of strongyle helminth eggs per gram of sheep faeces in a single sample. FEC plus 
one was natural log-transformed prior to analysis. Not all captured sheep produced a sample, and 
so any analysis incorporating FEC as a response or explanatory variable was conducted on a 
reduced data set of 831 samples from lambs, and 951 samples from 401 adult females.    
 
Anti-nuclear antibody (ANA): The original O.D. reading from the ELISA assay was used as an 
estimate of the response strength. Each plasma sample was assayed twice, and the average O.D. 
of the two was then log10-transformed and multiplied by 100 to rescale for analysis. In all 
analyses of ANA, the plate-specific negative or “background control” (a plasma sample from a 
single Soay neonate) was included as a fixed effect. 
 
Anti- T. circumcincta antibody (TcAb): Titre was defined as the reciprocal of the last dilution 
at which the sample O.D. was 3 S.D. greater than the assay date-specific mean negative control 
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(naïve blackface lamb) at dilution 1:200. This titre was then log2-transformed to conform to the 
assumptions of our statistical methods (see below). 
 
6.3.3.2 Correlations between parasite resistance and antibody responses 
 
We first tested for associations between FEC, ANA and TcAb using univariate linear mixed-
effects model (LMMs) with each variable analysed in turn. In analysis of lambs, we fitted 
random effects of capture year to FEC, and capture year and assay date to ANA and TcAb; in 
analysis of adults, we fitted these random effects with the addition of individual identity in all 
models. Assay date was fitted as a random effect in order to account for variation due to 
laboratory conditions, such as temperature. Firstly, we analysed each of FEC, ANA, and TcAb, 
with both of the others as explanatory variables, plus effects of sex in lambs, age in adult 
females, August weight (WT hereafter) in both, and interactions. In lambs, we fitted model 1, 
and we fitted model 2 to adult females: 
 
var1 =  sex + WT + WT
2 + var2 + var2
2 + var3 + var3
2 + 
 sex.WT + sex.var2 + sex.var3 + var2.var3 + sex.var2.var3 
[ + random effects ]                                                      model 1
  
var1 =  age + age
2
 + WT + WT
2
 + var2 + var2
2
 + var3 + var3
2
 + TREATMENT +  
 age.WT + age.var2 + age.var3 + var2.var3 + age.var2.var3 
[ + random effects ]                                                                                                 model 2 
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where var1, var2, and var3 refer to the three response variables. TREATMENT is a two-level 
factor, describing whether or not an adult female had been treated with anthelmintic drugs as 
part of experimental work at any point prior to FEC and antibody sampling (e.g.  Gulland, 1992; 
Gulland et al., 1993; Craig et al., 2009). We did not test for any effect of treatment in lambs, 
since none are treated before their first August capture when faecal and blood samples are 
analysed.  
 
We were also interested in potential trade-offs between growth and investment in immune 
function in lambs. We therefore ran a further set of models which included birth weight 
(measured in April), August weight (WT), and the interaction, which allowed us to test for an 
effect of growth as well as including fixed effects of both birth weight and body weight at the 
time of sampling. Lambs are caught up to a week after birth, during a period of rapid growth, so 
birth weight was calculated as the residuals from a regression of capture weight on capture age 
(BWT hereafter). Firstly, we fitted a simple model to each response variable with linear and 
quadratic effects of BWT and WT, and the interaction between the two (model 3; not shown). 
The interaction tests for an effect of growth while allowing testing for independent effects of 
BWT and WT. Next, we included effects of sex and other immunological variables, in an 
extension of the models described initially: 
 
 var1 =  sex + BWT + BWT
2 + WT + WT2 + var2 + var2
2 + var 3 + var 3
2 + 
 sex.BWT + sex.WT + BWT.WT + sex.var 2 + sex.var 3 + var 2.var 3 +  
sex.BWT.WT + sex.var 2.var 3  
[ + random effects ]                                                                                                                                    model 4                                           
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From the initial models described, the final model was reached by sequential removal of non-
significant terms in order of least significance, with significance determined by F statistics on 
the appropriate degrees of freedom and with α = 0.05.  
 
6.3.3.3 Univariate quantitative genetic analysis 
 
We next estimated the contribution of additive genetic effects to the phenotypic variance in each 
of the three traits by using a quantitative genetic ‘animal model’, which uses information from 
the population pedigree to estimate the contribution of relatedness to variance in trait values, a 
method developed in animal breeding (Henderson, 1950; 1975), and increasingly used in 
quantitative genetic analysis of natural populations (Kruuk, 2004). For each trait, we fitted the 
significant explanatory variables from the LMMs above as fixed effects, but excluded FEC or 
antibodies if they were significant, since we examined their relationships through the covariance 
structure of multivariate genetic analysis, described below. In analysis of lambs, we fitted 
variance components of additive genetic variance (VA), year (VY), a maternal effect (VM), and a 
residual effect (VR), in models of all three variables, with the addition of assay date (VDATE) in 
models of ANA and TcAb. For adult females, the variance components were the same, except 
that the individual effect was partitioned into the additive genetic component (VA) and the 
permanent environment effect (VPE), which estimates the effect of individual identity not 
explained by the pedigree; the sum of VA and VPE in adults is equal to the individual variance, or 
repeatability (VIND). Heritability for each trait was estimated separately in lambs and adult 
females by dividing the additive genetic variance by the total phenotypic variance (h² = VA / VP). 
The significance of variance components was assessed from the change in log-likelihood (LogL) 
using likelihood ratio tests (LRTs), where the χ² test statistic is calculated as -2*(LogLmodel2 – 
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LogLmodel1). The significance of the change in LogL due to dropping each variance component 
was assessed by calculating p-values based on the χ² statistic on one degree of freedom.  
 
6.3.3.4 Trivariate quantitative genetic analysis 
 
This set of models was designed to estimate the covariance between traits, and to determine 
whether any such covariance could be attributable to additive genetic effects or to other sources. 
Thus, FEC, ANA, and TcAb were fitted simultaneously as response variables in a multivariate 
‘animal model’, and we included as fixed effects those terms which were significant in LMM 
analysis using model 1 and model 2, excluding other immune or parasitological variables. For 
lambs, we fitted VA and VR to all three variables, as well as VDATE to ANA and TcAb. VM was 
fitted to ANA only, since there was no maternal effect on FEC or TcAb, and VY was fitted to 
FEC and ANA only, since the annual variance in TcAb was negligible. In adult females, we 
fitted VA, VPE, and VR to all three variables, as well as VDATE to ANA and TcAb. We fitted VY to 
FEC and ANA only, since VY for TcAb was virtually zero. We did not include maternal effects 
because they were not significant in any of the univariate models of adult females. Where a 
variance component was fitted to all three response variables, it yielded a 3 x 3 variance-
covariance matrix: 
 
σ²FEC  ρFEC,ANA ρFEC,TcAb 
σFEC,ANA σ²ANA  ρANA,TcAb 
σFEC,TcAb σANA,TcAb σ²TcAb 
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where the diagonal elements are the variances of FEC, ANA and TcAb, the below-diagonal 
elements are the covariances between pairs of response variables, and the above-diagonal 
elements are the correlations between pairs rescaled from -1 to +1. We tested for significant 
covariance between FEC, ANA, and TcAb by constraining the covariance(s) of interest to zero 
and then comparing the fit of constrained models to the full model using LRTs (detailed below). 
 
All of the above analysis was performed in ASReml 2.0 (VSN International, Hemel Hempstead, 
UK). For LMMs, we report parameter estimates for fixed effects ± 1SE; for univariate and 
trivariate animal models we report χ² statistics calculated from LRTs. 
 
6.3.3.5 Associations with survival 
 
A criticism of global measures of immune function typically used in ecological studies is that 
they are uncorrelated with parasite infection intensities and fitness and so the biological meaning 
of results may be difficult to interpret (Bradley & Jackson, 2008). We therefore tested for 
associations between FEC, ANA and TcAb measured in August, and lamb survival until May 
15
th
 the following year. We used generalized linear mixed-effects models (GLMMs) with 
binomial errors, and tested for linear and quadratic associations between each variable and 
survival separately. We then fitted all three variables as explanatory variables, with all two-way 
interactions. Finally, we analysed survival using a model with linear and quadratic terms for 
FEC, ANA, TcAb and weight, with sex as a two-level factor, and interactions between all 
variables, not including quadratic terms.  Initial models were simplified by removing non-
significant terms in the order of least significance, as determined by Wald F-statistics, and with α 
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= 0.05. Analysis was performed using the GLMM protocol in GenStat 13
th
 Edition (VSN 




We performed univariate and multivariate analysis of associations between FEC and two 
antibody responses (ANA and TcAb). Our results suggested that FEC was not associated with 
either of the antibody responses, but that antibody responses were positively correlated in both 
lambs and adult females. We found heritable variation in all three, and that covariance between 
antibody responses was due to residual effects in adults, and evidence for either or both residual 
and additive genetic covariance in lambs. Finally, the parasite-specific antibody was positively 
associated with survival in lambs, but did not predict survival as strongly as weight or FEC. 
 
6.4.1 General observations  
 
As expected, FEC was highest in male lambs, lower in female lambs, and much lower in adult 
females (Figure 6.1a). This was reversed with respect to ANA, which was much higher in adult 
females than in lambs of either sex (Figure 6.1b), and this was also the case for TcAb, which had 
a higher mean in adult females than in lambs of either sex (Figure 6.1c). This suggests that the 
lamb immune system is not fully functioning at four months of age, which is often cited as an 
explanation for the higher FEC generally observed in lambs both here and in domesticated sheep 






































































Figure 6.1: Adults and lambs show contrasting levels of parasite infection intensity and 
antibody responses: a) female lambs (FL) and male lambs (ML) have extremely high 
FEC in comparison to female adults (FA); b) ANA levels in lambs of both sexes are very 
low compared to those of female adults; c) levels of TcAb are much higher in female 
adults than in lambs of either sex. Bars show mean parasite counts and antibody levels 
in each subset +1SE.    
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The results of analysis of lambs using model 1 are shown in Table 6.1, and suggest that FEC is 
not correlated with either antibody measure, but that high levels of one antibody are associated 
with high levels of the other. FEC was significantly and negatively associated with WT, but was 
not significantly associated with either ANA (estimate = -0.0056 ± 0.0053, F1,349 = 0.17, p = 
0.685) or TcAb (-0.0114 ± 0.0317, F1,822 = 0.13, p = 0.722). Despite the lack of a significant 
association with ANA, there was a significant interaction between ANA and sex which 
suggested that FEC increased with ANA in females, but decreased with ANA in males; however, 
it was not apparent whether either the increase or decrease differed significantly from zero 
(Table 6.1a). ANA was not significantly associated with FEC (0.3296 ± 0.2484, F1,819 = 1.76, p = 
0.185), and did not differ significantly between the sexes (females = -0.2765 ± 0.6869, F1,815 = 
0.16, p = 0.689), but was significantly positively associated with TcAb (Table 6.1b). None of the 
interactions were significant. TcAb was not significantly associated with FEC (-0.0214 ± 0.0368, 
F1,756 = 0.34, p = 0.564), sex, or WT (Table 6.1c), but was significantly positively associated with 
ANA (Figure 6.2). There was also a significant interaction between sex and WT, which 
suggested that WT was positively associated with TcAb in females, but that TcAb showed no 
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 Variable Estimate S.E. F d.f. p 
a) Faecal Egg Count     
 Fixed effects      
 Intercept 9.7751 0.8460 134.08 1, 10 <0.001 
 Sex      
 Female -0.0407 0.2458 34.99 1, 821 <0.001 
 Male 0.0000     
 Weight -0.4717 0.1312 12.92 1, 823 <0.001 
 Weight² 0.0141 0.0052 7.42 1, 823 0.007 
 ANA -0.0056 0.0053 0.17 1, 349 0.685 
 Sex x ANA      
 Female 0.0138 0.0059 5.44 1, 819 0.021 
 Male 0.0000     
 Variance components     
 Year 0.1695 0.0878    
 Residual 1.6973 0.0840       
b) Anti-nuclear antibody     
 Fixed effects      
 Intercept -69.3802 4.1847 274.90 1, 40 <0.001 
 Negative 62.2374 9.1098 46.68 1, 31 <0.001 
 TcAb 0.8763 0.2271 14.89 1, 938 <0.001 
 Variance components     
 Year 31.2776 16.2904    
 Assay Date 2.9857 2.6422    
 Residual 99.9567 4.6233       
c) Anti-T. circumcincta antibody    
 Fixed effects      
 Intercept 10.1746 0.3642 1015.87 1, 18 <0.001 
 Sex      
 Female -0.9680 0.4576 2.68 1, 938 0.103 
 Male 0.0000     
 Weight -0.0057 0.0227 2.61 1, 907 0.108 
 ANA 0.0151 0.0038 15.38 1, 116 <0.001 
 Sex x Weight      
 Female 0.0886 0.0354 6.24 1, 934 0.013 
 Male 0.0000     
 Variance components     
 Year 0.0166 0.0461    
 Assay Date 0.2938 0.1100    
 Residual 1.8720 0.0870       
 
Table 6.1: Results of GLMM analysis of lambs using model 2a, where the response 
variable was a) FEC, b) ANA, and c) TcAb. Each table shows the final model for a 
particular trait, where only significant terms or main effects involved in significant 
interactions remain.  
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Figure 6.2: ANA was positively correlated with TcAb in both lambs (filled symbols) and 





Quartile of August weight













Figure 6.3: Anti- T. circumcincta antibody was positively associated with August body 
weight in female lambs (dark bars), but showed no strong association in male lambs 
(light bars). Bars show mean anti- T. circumcincta antibody in each quartile of August 
body weight, + 1 S.E.   
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6.4.2.2 Adult females 
 
The results of model 2, testing for associations between FEC and antibody responses in adult 
females, are shown in Table 6.2. FEC followed a negative concave trajectory with age, as has 
been shown previously (Hayward et al., 2009), and was significantly and negatively associated 
with weight in a linear fashion. As was the case in lambs, FEC was not significantly associated 
with either ANA (-0.0059 ± 0.0067, F1,277 = 0.79, p = 0.378), or TcAb (0.0008 ± 0.0674, F1,770 = 
0.00, p = 0.999), and none of the interactions were significant. ANA was positively associated 
with age, a relationship which has been shown to be due to greater longevity in individuals with 
high ANA levels, rather than to within-individual increases in ANA (Graham et al., 2010), and 
was significantly positively associated with TcAb. There was no significant association between 
ANA and FEC (-0.0778 ± 0.1122, F1,738 = 0.48, p = 0.491), and none of the interactions were 
significant.  TcAb was significantly associated with FEC in a curvilinear manner which overall 
predicted high antibody production at higher FEC (Figure 6.4) and was linearly and positively 
associated with ANA (Figure 6.2). However, on removing the quadratic effect of FEC, the linear 
effect was non-significant (estimate = 0.0012 ± 0.0135, F1,839 = 0.01, p = 0.932). The 
significance of the quadratic effect appears to be based on high TcAb in some individuals with 
high FEC; however, sample size at this end of the range of FEC in adult females is small (only 
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 Variable Estimate S.E. F d.f. p 
a) Faecal Egg Count     
 Fixed effects      
 Intercept 8.0427 0.8254 94.94 1, 472 <0.001 
 Age -0.7541 0.1410 28.60 1, 945 <0.001 
 Age
2
 0.0560 0.0110 26.09 1, 946 <0.001 
 Weight -0.1489 0.0379 15.39 1, 422 <0.001 
 Variance components     
 Year 0.2149 0.1302    
 ID 0.7767 0.2474    
 Residual 5.6349 0.3209       
b) Anti-nuclear antibody     
 Fixed effects      
 Intercept -52.9213 4.2081 158.16 1, 116 <0.001 
 Negative 52.1645 6.9061 57.06 1, 32 <0.001 
 Age 0.6925 0.1404 24.32 1, 784 <0.001 
 TcAb 0.6014 0.2595 5.37 1, 931 0.022 
 Variance components     
 Year 20.6646 11.4169    
 Assay Date 4.6144 2.7304    
 ID 98.6818 8.9386    
 Residual 47.0136 2.7365       
c) Anti-T. circumcincta antibody    
 Fixed effects      
 Intercept 11.5971 0.1354 7338.64 1, 57 <0.001 
 FEC -0.1496 0.0734 4.15 1, 840 0.043 
 FEC
2
 0.0277 0.0133 4.36 1, 851 0.038 
 ANA 0.0064 0.0032 4.01 1, 238 0.047 
 Variance components     
 Year 0.0150 0.0195    
 Assay Date 0.1506 0.0573    
 ID 0.7334 0.0843    
 Residual 0.7795 0.0472       
 
Table 6.2: Results of GLMM analysis of adult females using model 2b, where the 
response variable was a) FEC, b) ANA, and c) TcAb. Each table shows the final model 
for a particular trait, where only significant terms or main effects involved in significant 
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Strongyle FEC (eggs/gram)






































Figure 6.4 FEC was associated with TcAb in adult females in a non-linear fashion, but 
the linear effect of FEC was non-significant. Points show mean TcAb at each FEC 
interval ± 1S.E., where zero is zero, 100 is greater than zero and less than or equal to 
100, continuing until 700, which is representative of all FEC samples greater than 600. 
The large standard errors associated with higher FECs are indicative of small sample 
size, and so the significance of the association between FEC and TcAb should be 
treated with caution. 
 
6.4.2.3 Associations with weight and birth weight 
 
The results of analysis of FEC using model 3 suggested that BWT was not associated with FEC 
(estimate = -0.0951 ± 0.0701, F1,604 = 1.84, p = 0.176), but that lambs that were heavier in 
August had lower FEC (WT = -0.6021 ± 0.1321, F1,824 = 20.78, p = <0.001; WT
2
 = 0.0204 ± 
0.0052, F1,825 = 15.62, p = <0.001). BWT was significantly negatively associated with FEC if 
WT was excluded from the model (-0.2043 ± 0.0525, F1,606 = 15.16, p = <0.001); this result can 
be explained by the positive correlation between BWT and WT, and this result also suggests that 
WT is a better predictor of August FEC than is BWT. The results of model 4 showed that neither 
BWT nor the interaction were significantly associated with FEC, and the final model had the 
same structure as that in Table 6.1a.  
CHAPTER 6 CORRELATIONS BETWEEN FEC AND ANTIBODY RESPONSES   
 158
ANA was not significantly associated with BWT (0.0910 ± 0.5220, F1,689 = 0.03, p = 0.862), WT 
(-0.1233 ± 0.1284, F1,945 = 0.01, p = 0.924), or the interaction (-0.0524 ± 0.2888, F1,682 = 0.03, p 
= 0.857), when analysed using model 3, and model 4 reduced to the same as that shown in Table 
6.1b, with only TcAb significantly associated with ANA. 
 
TcAb was not significantly associated with the interaction between BWT and WT in analysis 
using model 3 (0.0369 ± 0.0271, F1,678 = 1.86, p = 0.173). However, it was significantly 
associated with August weight (WT = 0.3479 ± 0.1553, F1,685 = 5.02, p = 0.026; WT
2
 = -0.0121 ± 
0.0059, F1,685 = 4.27, p = 0.040), which suggested a convex curve with low TcAb at low and high 
weights, but removing the quadratic effect showed that the linear effect of WT was non-
significant (0.0320 ± 0.0271, F1,669 = 1.39, p = 0.239). TcAb was independently associated with 
BWT (-0.1982 ± 0.0724, F1,673 = 7.49, p = 0.007), which suggested that light-born lambs had 
higher TcAb in August. However, analysis using model 4 suggested that TcAb was not 
significantly associated with WT (0.0314 ± 0.0312, F1,593 = 1.02, p = 0.314), and was only 
significantly associated with BWT (-0.1194 ± 0.0539, F1,683 = 4.9, p = 0.028) and ANA (0.0146 
± 0.0046, F1,117 = 10.11, p = 0.002). 
 
6.4.3 Univariate animal models 
 
The results of genetic variance components analysis of lambs is shown in Table 6.3a, and the 
proportion of phenotypic variance accounted for by each variance component is shown in Figure 
6.5a. There was additive genetic variance in all three variables, which was not significant for 
FEC, accounting for only 4.15% of phenotypic variance, but accounted for 10.73% and 31.17% 
of phenotypic variance in ANA and TcAb respectively, and was significant in both. There was 
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significant year-to-year variation in FEC and ANA, where it accounted for 8.96% and 24.19% of 
phenotypic variance respectively, but not in TcAb, where it accounted for only 0.70%. Date of 
assay was significant in models of ANA and TcAb, and accounted for 2.24% and 15.13% of 
phenotypic variance respectively. The maternal effect was zero for FEC, and the maternal effect 
for TcAb was marginally non-significant, accounting for 5.90% of the phenotypic variance. 
There was a significant maternal effect on ANA, which accounted for 8.51% of the total 
phenotypic variance.  
 
Table 6.3b shows the results of genetic variance components analysis of adult females, and 
Figure 6.5b shows the proportion of phenotypic variance accounted for by each variance 
component. Additive genetic variance accounted for a significant portion of the total phenotypic 
variance of ANA (27.06%) and TcAb (17.30%), but it only accounted for a smaller and non-
significant proportion of the variance in FEC (6.30%). Including the permanent environment 
effects and additive genetic effects, the repeatabilities of the three traits were 0.11 ± 0.03 for 
FEC, 0.51 ± 0.06 for ANA, and 0.40 ± 0.06 for TcAb. There was significant annual variation in 
FEC and ANA, accounting for 3.27% and 12.08% of total phenotypic variance respectively, but 
annual variance only accounted for 0.10% of phenotypic variance in TcAb. There was 
significant variance associated with assay date for ANA and TcAb, comprising 2.52% and 
8.28% of phenotypic variance respectively. The maternal effect was zero for FEC, and 
accounted for only 2.66% and 0.58% of phenotypic variance in ANA and TcAb respectively, 




    
  
  Variable Mean S.D. VY VA VPE VM VDATE VR h² (± SE) 
a) Lambs          
 FEC 6.0597 1.4470 0.1681*** 0.0778 - 0 - 1.6295 0.04 (0.06) 
 ANA -39.4188 15.4172 0.4453*** 14.8444* - 11.7759** 3.1019* 75.1783 0.11 (0.06) 
  TcAb 9.5884 1.4751 0.0157 0.6968*** - 0.1318 0.3379*** 1.0514 0.31 (0.08) 
b) Adult females         
 FEC 2.6619 2.6434 0.2165*** 0.4175 0.354 - - 5.6423 0.06 (0.05) 
 ANA -22.7924 15.6422 20.2607*** 45.3980*** 47.0397 4.4607 4.2281*** 46.3849 0.27 (0.09) 
  TcAb 11.4503 1.2955 0.0016 0.2909* 0.4467 0.0097 0.1393*** 0.7934 0.17 (0.08) 
 
 
Table 6.3: Results of variance components analysis for a) lambs and b) adult females. Presented are the variance components 
estimates from the initial model where all variance components with a numerical value were included. Abbreviations for each 
variance component are described in the text. Significance of each variance component was evaluated by dropping the term 
from the full model and comparing the reduced model to the full model and assessing the change in log-likelihood using LRT; 
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Figure 6.5: a) the proportion of phenotypic variance in FEC, ANA, and TcAb of 
lambs explained by each variance component, after correcting for fixed effects 
significant in Table 1a, b, and c.  For the magnitude and significance of different 
components, see table 3a; b) the proportion of phenotypic variance in FEC, ANA, 
and TcAb of adult females explained by each variance component, after correcting 
for fixed effects significant in Table 2a, b, and c.  For the magnitude and significance 
of different components, see table 3b.  
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6.4.4 Trivariate animal models  
 
Firstly, we ran trivariate models without additive genetic effects, and found significant but 
relatively weak positive residual covariance between ANA and TcAb in both lambs (χ²1 = 
13.98, p = <0.001, rP = +0.1383) and adult females (χ²1 = 4.94, p = 0.026, rP = +0.0916). The 
residual covariance between FEC and ANA was also positive and marginally significant, 
although it was weak (χ²1 = 3.94, p = 0.047, rP = +0.0789).  None of the other residual 
covariances were significant in lambs or adults, and none of the individual covariances were 
significant in adult females. 
 
We attempted to partition the covariances between variables in lambs into their genetic and 
residual components by adding the population pedigree and additive genetic effects. The 
results of genetic trivariate analysis of lambs are shown in Table 6.4; models referred to in 
this section can be found in this table. Firstly, we constrained all of the residual covariances 
(trivariate model 2 in Table 6.4), and found a small and non-significant change in model fit; 
we then constrained all of the genetic covariances (model 3), and although the change was 
non-significant, the χ² statistic indicated that if most of this change was due to one of the 
covariances, it could reach significance. In order to determine which, if any, of the pairs of 
variables showed significant covariance, we next constrained both the residual and genetic 
covariances of each pair of variables in turn. There was no evidence for significant 
covariance between FEC and ANA (trivariate model 4) or FEC and TcAb (model 5), but 
there was significant covariance between ANA and TcAb (model 6). To determine whether 
this was due to residual or genetic effects, we constrained each covariance component to 
zero in turn (models 7 – 12). None of these were significant, but model 12 suggested there 
was a positive and marginally non-significant genetic covariance between ANA and TcAb 
(χ1² = 3.56, p = 0.059, rG = +0.4343). This suggests that there is significant covariance 
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between antibody measures, but that the model is unable to separate residual and genetic 
effects, although the genetic correlation is much stronger and approaches significance. 
 
Model Model description LogL χ² d.f. p 
1 Full Unconstrained -3792.97    
2 Constrain all residual σ(x,y) -3794.44 2.94 3 0.401 
3 Constrain all genetic σ(x,y) -3795.55 5.16 3 0.160 
4 Constrain residual and genetic σ(FEC,ANA) -3795.01 4.08 2 0.130 
5 Constrain residual and genetic σ(FEC,TcAb) -3793.62 1.30 2 0.522 
6 Constrain residual and genetic σ(ANA,TcAb) -3800.40 14.86 2 <0.001 
7 Constrain residual σ(FEC,ANA) -3794.10 2.26 1 0.133 
8 Constrain residual σ(FEC,TcAb) -3793.37 0.80 1 0.371 
9 Constrain residual σ(ANA,TcAb) -3793.08 0.22 1 0.639 
10 Constrain genetic σ(FEC,ANA) -3793.00 0.06 1 0.806 
11 Constrain genetic σ(FEC,TcAb) -3793.62 1.30 1 0.254 
12 Constrain genetic σ(ANA,TcAb) -3794.75 3.56 1 0.059 
 
Table 6.4: Results of trivariate quantitative genetic analysis of FEC and antibody 
responses in lambs, where Model 1 is the full unconstrained model described in the 
text. The significance of covariance components were tested by comparing the full 
model to models with covariance components of interest constrained to zero as 
indicated in the second column. The χ² test statistic was calculated using LRTs as 
described in the text, and significance was determined from the χ² distribution on the 
degrees of freedom indicated, which is equal to the number of covariance 
components constrained in comparison to the full model.   
 
 
The results of trivariate models for adult females are shown in Table 6.5, where models 
referred to in this section are described. We first compared the full unconstrained model to 
models with all residual covariances constrained (trivariate model 2 in Table 6.5), and there 
was no significant change in model fit. We then constrained all of the permanent 
environment and additive genetic covariances (hereafter referred to as the individual 
covariance), and found no significant change in model fit (model 3). We then constrained all 
of the additive genetic covariances (model 4), which only induced a small and non-
significant change in model fit. We next constrained all covariances between each pair of 
response variables in turn; there was no evidence for significant covariance between FEC 
and ANA (model 5) or FEC and TcAb (model 6), but there was a marginally non-significant 
CHAPTER 6 CORRELATIONS BETWEEN FEC AND ANTIBODY RESPONSES   
  164 
 
drop in model fit when all covariances between ANA and TcAb were constrained (model 7). 
Finally, we constrained each of the residual, individual, and genetic covariances in turn 
(models 8 – 16). All were non-significant, with the exception of a significant but weak 
positive residual covariance between ANA and TcAb (χ1² = 4.88, p = 0.027, rP = +0.0909).   
    
Model  Model Description LogLik χ² d.f. p 
1 Full unconstrained -4821.92 
2 Constrain all residual σ(x,y) -4824.73 5.62 3 0.132 
3 Constrain all individual σ(x,y) -4824.66 5.48 6 0.484 
4 Constrain all genetic σ(x,y) -4823.23 2.62 3 0.454 
5 Constrain all σ(FEC,ANA) -4822.73 1.62 3 0.655 
6 Constrain all σ(FEC,TcAb) -4823.38 2.92 3 0.404 
7 Constrain all σ(ANA,TcAb) -4825.41 6.98 3 0.073 
8 Constrain residual σ(FEC,ANA) -4822.00 0.16 1 0.689 
9 Constrain residual σ(FEC,TcAb) -4822.23 0.62 1 0.431 
10 Constrain residual σ(ANA,TcAb) -4824.36 4.88 1 0.027 
11 Constrain individual σ(FEC,ANA) -4822.46 1.08 2 0.583 
12 Constrain individual σ(FEC,TcAb) -4823.32 2.80 2 0.247 
13 Constrain individual σ(ANA,TcAb) -4822.58 1.32 2 0.517 
14 Constrain genetic σ(FEC,ANA) -4821.99 0.14 1 0.708 
15 Constrain genetic σ(FEC,TcAb) -4822.52 1.20 1 0.273 
16 Constrain genetic σ(ANA,TcAb) -4822.49 1.14 1 0.286 
 
 
Table 6.5: Results of trivariate quantitative genetic analysis of FEC and antibody 
responses in adult females, where Model 1 is the full unconstrained model 
described in the text. The significance of covariance components were tested by 
comparing the full model to models with covariance components of interest 
constrained to zero as indicated in the second column. The χ² test statistic was 
calculated using LRTs as described in the text, and significance was determined 
from the χ² distribution on the degrees of freedom indicated, which is equal to the 
number of covariance components constrained in comparison to the full model.   
 
 
6.4.5 Associations with survival 
 
When considering associations between individual variables and survival, lambs with higher 
FEC experienced lower survival (FEC = 0.6144 ± 0.0.2074, F1,804 = 8.78, p = 0.003; FEC
2
 = -
0.0960 ± 0.0242, F1,805 = 15.71, p = <0.001). ANA was not associated with survival (ANA = 
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0.0084 ± 0.0088, F1,910 = 0.91, p = 0.339), but lambs with higher TcAb had higher survival 
over the subsequent winter (TcAb = 0.1267 ± 0.0606, F1,927 = 4.38, p = 0.037). However, 
once all three variables were included in the same model, the effect of TcAb was non-
significant (TcAb = 0.0999 ± 0.0637, F1,804 = 2.46, p = 0.117), and only FEC was a 
significant predictor of survival, as before. We then added effects of sex and weight to the 
model and found that males were predicted to have lower survival (males = -1.0739 ± 
0.2229, F1,801 = 23.22, p = <0.001), and that heavier lambs survived better (weight = 0.2620 ± 
0.0473, F1,804 = 30.70, p = <0.001). As above, FEC was significantly associated with survival 
(FEC = 0.5312 ± 0.2240, F1,802 = 5.62, p = 0.018; FEC
2
 = -0.0705 ± 0.0262, F1,803 = 7.22, p = 
0.007), but neither of the antibody responses were significantly associated.  The last term to 
be removed from the model was a marginally non-significant interaction between FEC and 
sex, which indicated that the negative association between FEC and survival was marginally 
stronger in male lambs than in females (FEC x male = -0.3970 ± 0.1738, F1,798 = 3.82, p = 




We tested for associations between an estimate of parasite infection intensity (FEC) and two 
antibody responses (ANA and TcAb) in a free-living mammal population, and also for 
effects of these on survival of lambs. We found no strong associations between FEC and 
either the general or parasite-specific antibody responses, but found that the two antibody 
responses were positively associated in both lambs and adult females. There was significant 
additive genetic variance for both antibody measures, but we were unable to find conclusive 
evidence of genetic covariance between these, although the genetic covariance approached 
significance in lambs.  
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6.5.1 Phenotypic associations between parasite resistance and 
antibody responses 
 
In the introductory section, we predicted no association between FEC and ANA, but that 
FEC would be correlated with TcAb. FEC is not associated with ANA in adult females 
(Graham et al., 2010), and we confirmed this here while also finding that there was no 
association between the two in lambs. The ubiquity of ANA, which is made up of an array of 
antibodies with a range of specificities (Dighiero & Rose, 1999), perhaps makes this result 
unsurprising. However, we did not find the predicted association between FEC and TcAb, 
which we expected either to be positively associated (indicative of an antibody response 
made in proportion to exposure), or negatively correlated (indicative of a response with a 
regulatory effect on worm fecundity). A possible explanation for this is that the relationship 
between infection intensity and FEC may be non-linear, and so, for instance, hosts with low 
FEC could either harbour very few worms or very many, which may be associated with a 
very high or very low antibody response. Evidence for a linear relationship between FEC and 
worm number in this population comes from post-mortem counts of sheep dying over winter 
(Gulland et al., 1992; Grenfell et al., 1995). Mortality is due to protein malnourishment 
(Gulland, 1992), and these sheep are likely to be in very poor condition and unable to mount 
an effective immune response. It may be that in healthy sheep the density-dependent 
relationship between worm size and worm number seen in mainland sheep and many other 
helminth parasites is the norm (Stear & Bishop, 1999; Bishop & Stear, 2000), which may 
make the association between antibody responses and an indicator trait such as FEC very 
complex.  
 
Another explanation may be that TcAb is too specific to correlate with FEC, since it is the 
response to only a single worm species out of six from five different genera (Wilson et al., 
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2004). Despite the potential cross-reactivity of antibodies to these species, the fact that the 
composition of strongyle species varies across age and sex groups and between individuals 
means that T. circumcincta does not comprise the bulk of adult worms in every infection 
(Craig et al., 2006). This means that in any given individual, FEC will be regulated to a 
certain extent by TcAb, but may be regulated even more by antibodies specific to other 
worm species. This is likely to be particularly pertinent in lambs, where on average only 
18% of adult female strongyles are T. circumcincta; this increases to 22% in yearlings, 55% 
in 2-year-olds and 49% in adults (Craig et al., 2006). 
 
As we predicted, in both lambs and adult females, there was a positive association between 
the general antibody response (ANA) and the parasite-specific antibody response (TcAb). 
This could suggest that genetically resistant hosts mount strong antibody responses of all 
kinds (Stear et al. 1999; Quinnell, 2003; Stear et al., 2009), or that individuals exposed to 
one antigen are more likely to be exposed to other types, something which we attempted to 
establish using the trivariate analyses which are discussed below. Another explanation, 
linked to the first, is that both covary positively with condition, health, or resource 
acquisition, since immune function is likely to be a condition-dependent trait, particularly in 
heterogeneous, resource-limited environments (Lazzaro & Little, 2009). 
 
6.5.2 Associations with body weight 
 
In the Soay sheep, body weight is positively associated with a range of fitness traits, 
including survival, reproductive success, and parasite resistance (Coltman et al., 2001a; 
Craig et al., 2009; Wilson et al., 2009). Heavier sheep are therefore considered to be in better 
health and more vigorous, although body weight is not a measure of condition per se. As 
expected, FEC in lambs was negatively associated with BWT (Figure 6.7a), although this 
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was not significant when the negative association with August weight (Figure 6.6a) was 
accounted for; FEC was also negatively associated with WT in adult females. ANA was 
uncorrelated with both BWT and WT in lambs, which was unsurprising given that ANA was 
uncorrelated with WT in adult females both here and in the analysis of Graham et al. (2010). 
TcAb, although uncorrelated with WT in adult females, was significantly and independently 
associated with WT and BWT in lambs. The non-linear association with WT suggested that 
the heaviest and lightest lambs had low TcAb (Figure 6.6b), while BWT was negatively 
associated with TcAb, suggesting that heavy-born lambs had low TcAb during summer 
(Figure 6.7b). The lambs with lowest WT may be the very latest-born and youngest 
individuals, and so may be underdeveloped compared to older lambs which may mount 
developing antibody responses (Waller & Thomas, 1981; Smith et al., 1985); the same 
pattern will not be apparent with BWT, since late-born individuals will not necessarily be 
lighter. The group of the heaviest individuals mounting low responses are all males, which 
are generally observed to experience higher parasitism and invest less in immunity than 
females (Klein, 2004), and this was reflected by the observation that WT was non-significant 
in the results of model 4 for lambs, where sex was included in the model.  
a)
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Figure 6.6: August body weight was significantly associated with both a) FEC, and 
b) anti- T. circumcincta antibody in lambs. Note that although the quadratic 
association with TcAb is significant, this appears to be due to low responses in the 
heaviest and lightest sheep, since the linear association is non-significant (see 
Results). Points show mean FEC and TcAb at each weight interval ± 1S.E., where 8 
is less than or equal to 8, 9 is greater than 8 and less than or equal to 9; this 
continues until 19, which includes data from lambs heavier than 18kg.    
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Figure 6.7: Residual birth weight (BWT) in lambs was positively associated with 
both a) FEC and b) TcAb. The association with FEC was non-significant in the 
presence of August body weight, suggesting that this predicts FEC better than BWT. 
However, BWT appears to predict TcAb better than WT. Points show mean FEC 
and TcAb at each BWT interval, where -2 is less than or equal to -2, -1.5 is greater 
than -2 and less than or equal to -1.5; this continues until 2, which includes data 
from lambs with BWT greater than 1.5.    
 
 
However, it is certainly true that there is no strong linear association between August weight 
and TcAb in lambs, while there is a strong relationship between BWT and TcAb. This 
cannot be explained by sex differences since males are on average only 4% heavier than 
females at birth (Clutton-Brock et al., 2004a), and there was no effect of sex in any analysis 
of TcAb. A possibility is that TcAb and FEC could both be correlated with a hidden variable 
such as number of adult T. circumcincta but uncorrelated with each other. The importance of 
BWT in determining August TcAb suggests that maternal effects are likely to be important, 
and work investigating such effects is currently ongoing. 
 
These results suggest that FEC is more mass-dependent than either of the antibody 
responses. This could be because harbouring worms is directly associated with weight loss 
(Craig et al., 2008), perhaps through reducing nutrient assimilation (Gulland, 1992), and 
because of the lack of association between antibody responses and FEC, antibody responses 
are not associated with weight. The relationship between FEC and weight could be a way of 
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investigating tolerance in future analysis, something which has been rarely investigated in 
natural populations, but could be of crucial importance (Raberg et al., 2007; 2009; Graham 
et al., 2011).  
 
6.5.3 Contributions of additive genetic variance  
 
Quantitative genetic analysis revealed additive genetic variance for all three traits, but this 
was not significant for FEC in either lambs or adults. Previous analysis in this population has 
suggested that heritability estimates depend on the data and analytical methods used and the 
model formula (Smith et al., 1999; Coltman et al., 2001a; Beraldi et al., 2007). We found a 
repeatability of FEC in adult females of only 0.11 ± 0.03 in the present study, compared with 
0.58 ± 0.03 previously (Wilson et al., 2004; however, we accounted for body weight and age 
in our estimates, which are both likely to explain a large amount of the variation. In a 
previous study, the heritability of ANA was estimated at 0.12 ± 0.06 in lambs and 0.26 ± 
0.09 in adult females (Graham et al., 2010 SOM), which is in agreement with the results 
presented here (Table 6.3). A new finding in the current work was significant additive 
genetic variance for anti- T.circumcincta antibody, with heritability estimates of 0.31 ± 0.09 
and 0.14 ± 0.07 in lambs and adult females respectively. This extremely substantial estimate 
is in line with previous estimates of IgA activity from naturally-infected domesticated 
Scottish Blackface lambs, which ranged from 0.38 to 0.56 at various times of year (Strain et 
al., 2002). This result suggests that there is the potential for selection on specific antibody 
responses in this population, such that lambs which develop their own immunity quickly 
during their first summer could reduce their parasite burdens by the winter and experience 
greater survival prospects, as suggested by the results in chapter 5 (Hayward et al., in press). 
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It is interesting to note the changes in genetic variance with age in the two antibody 
responses, and how this relates to the evidence for selection thus far. ANA had a lower 
heritability in lambs, and there was no evidence to suggest that it was under selection via 
survival, while the heritability was higher in adults, in which it is positively associated with 
survival (Graham et al., 2010). Meanwhile, TcAb had a higher heritability in lambs than in 
adults, and was associated with survival, even though this effect was masked once FEC was 
accounted for, while TcAb was not associated with survival in analysis of a subset of 
samples in a previous analysis (Graham et al., 2010). The manner in which the genetic 
variance in ANA could be maintained, through negative associations with fecundity and 
positive associations with survival, has been discussed by Graham et al., 2010). A more 
thorough analysis of selection on TcAb in lambs may be required to determine the 
mechanisms behind the high genetic variance in this trait. Trade-offs with other immune 
responses, such as those involved in microparasite resistance could be implicated, but more 
analysis will be needed. 
 
6.5.4 Covariance between traits 
 
A preliminary trivariate model with no genetic term suggested a weak but significant 
residual correlation between ANA and TcAb of around +0.1 in both lambs and adults. This 
was apparently due to residual effects in adult females, but unfortunately, we were unable to 
discern whether this was due to additive genetic covariance or residual covariance in lambs. 
The genetic covariance was closer to significance and the correlation stronger than the 
residual, suggesting that a genetic effect is likely to be important, but we were unable to 
confirm this statistically. Genetic resistance is a trait commonly discussed in veterinary 
parasitology, with the aim of breeding sheep for elevated resistance or tolerance (Strain et 
al., 2002; Martinez-Valladares et al., 2005; Stear et al., 2009), and it is also known that host 
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genetics may have a large impact on resistance to parasites in natural populations (Duncan & 
Little, 2007; Lazzaro & Little, 2009), although estimates of genetic variance in resistance are 
rare. Thus it may be that genes for antibody production are linked or closely associated 
within the genome, and that individuals that tend to produce high levels of one antibody tend 
to produce high levels of other types (Covelli et al., 1989; Edfors-Lilja et al., 1998; Amor et 
al., 2005). The covariance between antibody measures in adult females did not have a 
substantial genetic component, and only the residual covariance was significant. This could 
be explained by factors such as exposure; for instance, hosts exposed to large amounts of 
worm antigen could produce a large amount of both antibodies, with hosts exposed to few 
worms producing a smaller amount of both antibodies. A further explanation is that the 
correlation could be due to some other host characteristic such as weight or condition, which 
varies with environmental conditions. Hosts in better condition could mount stronger 
antibody responses, possibly as a result of greater resource availability; this condition-
dependence could be another explanation for their high genetic variance (Rowe & Houle, 
1996).    
 
6.5.5 Antibody responses and survival 
 
Our predictions regarding associations between FEC, antibody responses, and survival were 
partially supported. Previous work has shown that August ANA is positively associated with 
survival in adult females, but that there is no survival benefit of TcAb (Graham et al., 2010, 
SOM). In lambs, we found evidence to suggest the opposite. TcAb was positively associated 
with survival, but not when either FEC or WT were added to the model as predictors, 
suggesting that these are more closely associated with survival. While TcAb is indicative of 
the response to one worm species, FEC is an indicator of infection with the whole range of 
strongyle species, and while mounting a strong antibody response could have a survival 
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effect, individual condition and parasite burden are more broad-scale indicators of condition 
and survival prospects. This raises the question of the biological significance of TcAb. It is 
certainly involved in a biologically relevant host-parasite interaction, which is the basis for 
its choice as an indicator of immune phenotype (Adamo, 2004; Bradley & Jackson, 2008; 
Pedersen & Babayan, 2011), but is apparently not strongly related to body weight, survival, 
or parasite infection intensity. Perhaps it is too specific, since in this population, as in all 
natural populations, hosts stand a high chance of being infected with more than one parasite 
species, which may be met with different or even conflicting immune phenotypes which may 
constrain the effectiveness of any response (Ardia et al., 2011). A possible solution could be 
the use of a multivariate approach, assaying for a variety of functionally related immune 
phenotypes and using this to gain a single measure of functionally relevant responses 
(Bradley & Jackson, 2008); for instance, assaying cytokines characteristic of different arms 
of the immune response (Graham et al., 2007; Pedersen & Babayan, 2011). This could 
provide a measure of the response made to the prevalent helminth parasites, without focusing 
on a single one which is likely to be present to varying degrees across individual hosts. 
 
6.5.6 Conclusions  
  
In this study, we have described associations between measures of parasite burden and 
antibody responses in a free-living population of Soay sheep. Our results illustrate the 
complexity of the immune system and studying it in an ecological context, since neither 
general nor specific antibody responses were correlated with an estimate of parasite infection 
intensity. We have also shown that specific antibody responses show a significant proportion 
of additive genetic variance, and that antibody measures covary at the phenotypic level, such 
that some individuals mount strong antibody responses, while others mount weaker 
responses. We found some evidence for a genetic correlation between functional antibody 
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responses in lambs, but not in adult females; however, even the correlation in lambs was 
marginally non-significant, emphasizing the need for large detailed datasets when 
performing multivariate genetic analysis. We have therefore seemingly failed to choose 
relevant immune response variables, despite choosing a general measure and a parasite-
specific response. How, then, should the strength or efficacy of the immune response to 
helminths be assessed in natural populations? A longitudinal approach, similar to the one 
used here, is essential in order to understand the dynamics of immunity and to determine 
whether responses indicate resistance or exposure across age classes (Woolhouse, 1992). It is 
possible that, in the case of co-infection with multiple parasite species, assessing responses 
to a specific parasite may not be indicative of overall resistance, and the type of immune 
response elicited may be more informative. For instance, T helper cell phenotype is reflected 
in cytokine production, measurement of which could be used to describe the functional 
balance of the immune system; for instance, high levels of the cytokines interleukin (IL)-4, 
IL-5, IL-9 and IL-13 are associated with responses against extracellular parasites such as 
helminths (Graham et al., 2007). Multivariate analysis of such measures could provide 
information about the direction of the immune response, as could groups of factors indicative 
of separate functional responses (Bradley & Jackson, 2008). These types of study are in their 
infancy in terms of their application to natural populations, and may be a fruitful avenue of 
future research in the attempts to better characterise the immunological basis of parasite 
resistance in wild animals.
CHAPTER 7  GENERAL DISCUSSION  





The aim of this thesis has been to investigate the associations between parasites and host life-
history variation in the Soay sheep population of St Kilda. Throughout, heterogeneity in 
ageing and environmental conditions has been seen to exert an important influence, not only 
on parasites and life-history traits themselves, but also on the associations between the two. 
In chapter 2 I provided evidence for senescence in parasite resistance in late life, and showed 
that increased exposure to environmental stress over the life span accelerated the rate of 
senescence in females. In chapter 3 I investigated variation in parasite resistance across host 
life history in relation to aspects of maternal phenotype and early life performance, and 
showed that maternal age influenced offspring parasite resistance, and that some of the 
associations persisted into adult life. In chapter 4 I analysed age-specific variation in female 
reproductive traits, and showed that patterns of ageing and contributions of selective 
disappearance and terminal effects varied across traits. In chapter 5 I showed results 
consistent with positive selection on parasite resistance in lambs, but not in older sheep, and 
that selection was only present in relatively favourable environmental conditions. Finally, in 
chapter 6, I attempted to establish associations between a measure of parasite resistance and 
the strength of two antibody responses, showing that antibody responses were positively 
correlated and that there was a suggestion of a genetic component to this correlation. In this 
discussion, I consider firstly the associations between host age, parasite infection and 
variation in host life history, and then discuss the merits and drawbacks of the use of indirect 
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7.1 Ageing, parasites, and host life history 
 
Here, I will discuss aspects of this thesis that have investigated the relationship between 
parasite infection and host senescence, and discuss the findings more widely in the context of 
the evolutionary ecology literature. I then discuss the development of resistance in early life 
and the importance of maternal effects. These results all highlight the importance of ageing 
in determining variation in host-parasite interactions, and indeed any phenotypic trait, in 
wild populations. 
 
7.1.1 Patterns of senescence 
 
A large number of studies have now that shown that senescence occurs in the two key 
demographic traits in natural populations, namely survival probability (e.g. Promislow, 
1991; Ricklefs, 1998; Ricklefs & Scheuerlein, 2001; Wasser & Sherman, 2010) and 
reproductive performance (e.g. Nussey et al., 2009a; Vanpe et al., 2009; Zajitschek et al., 
2009; Rebke et al., 2010; Sharp & Clutton-Brock, 2010). Interest has recently grown in 
measuring senescence in traits which may be indicators of physiological state or health. 
These include so-called ‘biomarkers of ageing’ (Johnson, 2006; Simm et al., 2008), such as 
telomere length (Monaghan, 2010), oxidative stress (Monaghan et al., 2009), and aspects of 
immune phenotype (De Martinis et al., 2005), as well as muscular condition (e.g. Hindle et 
al., 2009a; 2009b), hormone levels (e.g. Massot et al., 2011), and behavioural traits (e.g. 
Ridgel et al., 2003; MacNulty et al., 2009). However, longitudinal data on such traits are rare 
due to the difficulty of repeated capturing and sampling of individuals (Nussey et al., 2008). 
The available evidence suggests that declines in reproductive performance and survival with 
age are reflected in weakening immune function, since cross-sectional studies of birds have 
shown evidence for declines in measures of immunity in old age (e.g. Lozano & Lank, 2003; 
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Haussmann et al., 2005; Palacios et al., 2007). However, whether this is reflected in parasite 
burden, and what the implications are for host fitness, are poorly understood.  
 
In chapter 2, I presented the first evidence for within-individual senescence in parasite 
resistance in a naturally-regulated population, and moreover, that the age-specific decline 
was accelerated by experience of poor environmental conditions. But how do these patterns 
reflect changes in other traits with age? The increase in FEC from middle age are reflected in 
changes in several aspects of reproductive performance (chapter 4), declines in a measure of 
annual fitness (Wilson et al., 2007) and reproductive performance in males (Robinson et al., 
2006). However, these results are in contrast to others, which have found no evidence for 
individual age-specific changes in antibody responses in later life (Graham et al., 2010), no 
evidence for changes in a measure of oxidative damage across adult ages (Nussey et al., 
2009b; a cross-sectional study), and recent work has shown that, independently of age, 
females show a decline in body mass only in the final year of life (Nussey et al., submitted). 
The results of chapter 4 also showed that the probability of twinning shows no significant 
decline at older ages. A recent study of wandering albatross (Diomedea exulans) investigated 
multiple aspects of reproductive performance, behaviour, and physiological measures of 
immunity, oxidative stress, and hormone levels, and found a decline in reproductive success 
that was mirrored in foraging behaviour but not any of the physiological indicators of ageing 
(Lecomte et al., 2010). Differences in the rates of actuarial and reproductive senescence 
were found in a study of Nazca boobies (Sula granti), which showed a small decline in 
survival probability in very late life, but a large decline in reproductive performance 
beginning in middle age (Anderson & Apanius, 2003). Finally, a study of great tits (Parus 
major) showed that the number of eggs produced, chicks hatched, and hatchlings fledged 
showed different age-specific change, with senescence being the earliest and most rapid for 
number of fledglings produced, and latest and slowest for number of eggs laid (Bouwhuis et 
al., 2009). Hence, investigations of ageing in Soy sheep and other wild vertebrates 
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emphasize that senescence is a complex process, and that though every trait is likely to show 
some kind of senescence, a marker of organism-wide senescence does not exist. 
 
The lack of any age-specific decline in body weight suggests that this trait is under strong 
viability selection in Soay sheep (Nussey et al., submitted), and so females may invest more 
in their own condition than they do than in parasite resistance or in offspring. The declines 
seen in these two traits in later life could be indicative of age-specific declines in another 
trait, such as resource acquisition. It seems that here, there is no evidence for one of the 
common predictions of life-history theory, namely a trade-off between investment in 
immunity and reproduction (Folstad & Karter, 1992; Sheldon & Verhulst, 1996; Lochmilar 
& Deerenberg, 2000; Zuk & Stoehr, 2002), which has been vindicated in a number of 
theoretical and empirical studies (e.g. van Boven & Weissing, 2004; Hanssen et al., 2005; 
Mills et al., 2010). The results presented throughout this thesis suggest, if anything, positive 
covariance between life history traits, with heavy individuals showing higher fitness 
(chapters 4 & 5) and lower FEC (chapter 6), and lambs with lower FEC also showing higher 
fitness (chapter 5). Changes in resource acquisition with age could be estimated either 
through measures of tooth wear, which have been shown to be uncorrelated with age in red 
deer (Nussey et al., 2007b), or through estimates of forage intake rates (e.g. Jones et al., 
2006), the latter of which has shown that, unsurprisingly, intake rate increases with body 
mass.  Longitudinal studies of the former could be possible through dental moulds, but cross-
sectional sampling of both could be informative. 
 
7.1.2 Maternal effects and the development of immunity 
 
Maternal care and resource provisioning can have substantial implications for early condition 
and survival of offspring, and these in turn may have knock-on effects on prospects in later 
CHAPTER 7  GENERAL DISCUSSION  
  179 
 
life (e.g. Mousseau & Fox, 1998; Marshall & Uller, 2007; Rasanen & Kruuk, 2007). The 
importance of the early environment, including maternal effects, on aspects of early 
offspring fitness has recently led to more investigations of such effects on offspring parasite 
resistance or immune function, which may contribute to or be associated with early survival 
prospects. The majority of studies on vertebrates, chiefly birds, have used a variety of assays 
for global measures of immune responses, as discussed in chapter 6, and have found that 
offspring immunity may be influenced by maternal exposure to antigens or parasites 
(Grindstaff et al., 2006; Reid et al. 2006) and maternal diet (Berthouly et al., 2008; Karell et 
al., 2008). Recently, the subject of maternal influences on lamb immunity has started to be 
addressed in Soay sheep. Preliminary analysis has shown that associations between maternal 
anti- T. circumcincta antibody (TcAb), measured in August, and lamb TcAb measured in the 
following April, vary across years of contrasting environmental conditions, and that lamb 
April antibody titre is positively associated with lamb weight in August (K. Morriss, MSc. 
Thesis, Princeton University). This suggests that high antibody levels could be positively 
correlated with maternal investment and good health, and is also reflected in the high 
heritability of TcAb reported in chapter 6. Early lamb antibody levels appear to be positively 
associated with lamb condition, but more analysis will be needed to determine whether this 
is associated with, for instance, neonatal survival. Such a result could indicate that maternal 
investment in transfer of immunity could be under positive selection via increases in lamb 
survival, since the results of chapter 5 show that lambs with low FEC have higher annual 
fitness (Hayward et al., in press). Whether this is subject to strong trade-offs with, for 
instance, ability to produce twins, maternal condition, or subsequent success or survival of 
mothers, remains to be seen, and such questions offer possible avenues of future research. 
We are only just beginning to scratch the surface.  
 
Several studies have gone further and studied the downstream effects of maternal infection, 
antigen exposure, or immune priming of offspring, on aspects of offspring fitness. These 
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studies have the potential to improve our understanding of the extent to which maternal 
effects on offspring immunity are adaptive and have lasting positive effects on offspring 
fitness, or are simply passive indicators of maternal condition. For instance, Gallizzi et al. 
(2008a) showed that maternal exposure to fleas during egg-laying increased offspring body 
condition relative to offspring whose mothers were not infested with fleas; however, this 
effect was not apparent when brood size was artificially increased. It was suggested that 
maternal transfer of immunity had beneficial effects on early offspring fitness, in the light of 
evidence that ticks feed for less time on chicks whose mothers were exposed to fleas before 
laying (Gallizzi et al., 2008b). However, the results of chapter 4 indicated that females with 
higher FEC had offspring that were less likely to survive to weaning (Table 4.5), suggesting 
a cost rather than a benefit of maternal infection in the Soay sheep and there is no evidence 
of a negative association between maternal and lamb FEC (Hayward et al., 2010). Mothers 
with higher FEC have lower body weight (Coltman et al., 2001a; Robinson et al., 2009), and 
so it is likely that mothers with higher FEC are in lower condition and have fewer resources 
to invest in their offspring. 
 
7.2 The interpretation of faecal egg counts 
 
Throughout this thesis, and in many other studies on this population and others, an indirect 
measure of parasite burden, faecal egg count (FEC), has been used. As a non-invasive 
estimate of parasite burden, FEC are an excellent way in which to monitor variation in 
parasite resistance across seasons, years, and life history in a longitudinal manner. There are, 
however, several caveats to using FEC as an indicator of resistance. Below, I discuss 
previous investigations into the relationship between FEC and actual parasite burden in other 
wild populations, before discussing the implications of this relationship for the results of this 
thesis.  
CHAPTER 7  GENERAL DISCUSSION  
  181 
 
A major concern in interpreting FEC is the possibility of negative density-dependence in 
female worm fecundity. High parasite density may be associated with smaller worm size and 
lower fecundity due to competition for nutrients or space, with the result that at high worm 
burden egg production is reduced and FEC is lower than expected (Wilson et al., 2002). The 
obvious solution to this problem is to attempt to characterise the relationship between actual 
worm burdens and their indirect estimator by measuring the two simultaneously. The need to 
establish this relationship on a study-specific basis has been emphasized by the mixed 
findings of such attempts. Studies on a red grouse (Lagopus lagopus scoticus) population 
have shown that the relationship between worm number and FEC of the prevalent nematode 
Trichostrongylus tenuis is strong, linear, and does not vary across seasons (Moss et al., 1990; 
Seivwright et al., 2004), despite previous observations for seasonal heterogeneity in worm 
establishment (Shaw & Moss, 1989). However, in another game bird species, the ring-
necked pheasant (Phasianus colchicus), there was evidence of strong density-dependence on 
fecundity of the prevalent nematode Heterakis gallinarum, with worm length beginning to 
decline at an intensity of 96 worms (Tompkins & Hudson, 1999). Added complexity may be 
introduced by considering that the relationship may vary seasonally and between parasite 
species, even within the same host. In a study of Svalbard reindeer (Rangifer tarandus 
platyrhynchus), the nematode Ostertagia gruehneri showed strong density-dependence 
across the year, while another species, Marshallagia marshalli, showed a complete absence 
of density-dependent fecundity (Irvine et al., 2001). It was also found that O. gruehneri 
fecundity was closely related to their size, but only during July, the period of most 
favourable transmission conditions (Irvine et al. 2001), suggesting that the influence of 
worm fecundity and number on FEC may vary across the year.  
 
Evidence of density-dependent fecundity of strongyle nematodes has repeatedly been 
demonstrated in domesticated populations of sheep (e.g. Stear & Bishop, 1999; Bishop & 
Stear, 2000). Previous evidence for a linear association between FEC and worm burden in St 
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Kilda Soay sheep has been gained from post-mortem examination of individuals dying 
naturally during winters of high mortality and in extremely poor condition (Gulland, 1992; 
Grenfell et al., 1995; Wilson et al., 2004). However, it is possible that this relationship may 
not hold across all seasons, since climatic conditions and the nutritional state of sheep show 
intra-annual variation which may affect susceptibility to infection (Wilson et al., 2002). The 
relationship between FEC and adult worm burden, and the possibility that it may vary from 
the observed linear relationship, has important implications for the results presented in this 
thesis. Additionally, some of the results presented here may inform our understanding of the 
relationship in a population where the culling of healthy hosts is not possible. 
 
Host factors are extremely important determinants of FEC, but it is of course also under the 
control of the worms themselves, and so if there are differences between hosts in the 
demography of their parasite fauna, this may change the relationship between worm number 
and FEC. For instance, the age-specific increase in FEC in adult sheep shown in chapter 2 
could be a result of accumulating a greater proportion of older, larger, and more fecund 
worms, which would result in an elevated FEC for a given worm burden. However, there is 
evidence that nematode parasites themselves show declines in fecundity in old age (Train & 
Hansen, 1968), and strongyles have a maximum lifespan of around a year (Kassai, 1999), 
and so accumulation of more fecund worms by old sheep is unlikely to explain this pattern 
entirely. Since FEC is the product of worm number and size/fecundity, it may be related to 
the infection load in terms of the biomass of parasites. For instance, one sheep with a given 
FEC may harbour a few very large and fecund worms, while another may host many small 
and less fecund worms; if these infections have the same biomass, they may be expected to 
cause the same amount of damage. However, if the relationship between worm size and 
damage caused is non-linear, these two hypothetical infections may not be the same in terms 
of cost to the host in terms of physical damage or investment in immunity. 
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From an evolutionary ecological point of view, it is this effect of parasites on host fitness 
that is perhaps the most significant aspect of the relationship. FEC is assumed to be 
correlated with worm burden, which is expected to be correlated with a cost or damage, and 
so the value of FEC is as an indicator of the amount of stress the host is under due to parasite 
infection. It is therefore essential to establish the association between FEC and host fitness or 
condition, or valid conclusions cannot be made about the impact of a given FEC on the host, 
and nothing can be inferred about heterogeneity in immune phenotype. The results in chapter 
5 show that the relationship between FEC and host fitness in Soay sheep is linear and 
negative in lambs, but that the two are uncorrelated in adults (Hayward et al., in press). The 
linear relationship in lambs could arise because at four months of age immunity is relatively 
low compared to adults, and so may not regulate worm fecundity to the same extent (Smith 
et al., 1985). The lack of phenotypic selection on FEC in adults could in part explain the 
increase in FEC in late life shown in chapter 2, and it is particularly informative to compare 
this to the corresponding observations with regard to body weight. As females may 
command fewer resources in old age, there is strong selection to maintain body weight, 
which does not decline until the final year of life (Nussey et al., submitted), while there is 
only weak selection to invest in reducing FEC, which as a result increases in later life 
(Hayward et al., 2009). The results of chapter 3 also suggest that weak selection on FEC in 
adult females may have implications for lamb fitness, since older females have lambs with 
high FEC which therefore have lower subsequent fitness.  
 
A final caveat of FEC is that it does not reflect levels of larval stages or immature adults. 
This could be especially relevant in the attempts to investigate associations between FEC and 
antibody titres in chapter 6, since strong IgG responses are also mounted against fourth stage 
larvae which do not contribute to FEC (Stear et al., 1995). High antibody titres could 
therefore be reflective of a recent ingestion of larvae rather than associated with adult worm 
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burden, and therefore it may not be surprising that anti-T. circumcincta antibody (which is 
likely to be cross reactive to antigens of larval stages)  is not strongly associated with FEC.  
 
Thus, although FEC and other indirect measures are extremely useful indicators of parasite 
resistance, they can only take us so far when used in isolation. In the next section, I discuss 
potential future avenues of research which may enable us to better understand the 
associations between hosts and parasites in natural populations. 
 
7.3 Future prospects 
 
The above discussion highlights some of the important findings across fields of research 
relevant to the major themes of this thesis, but also shows how much there is still to be done. 
A key subject to address was discussed extensively in chapter 6, namely that choosing 
relevant measures of parasite resistance and immunity will be crucial in ecological studies of 
host-parasite systems. In terms of research on natural host-parasite associations with respect 
to ageing, a key development will be the availability of longitudinal data on a combination of 
immune responses, parasite infection intensities, and fitness, since only longitudinal data can 
reveal individual-level patterns of ageing (Nussey et al., 2008). With pedigree data, they can 
also investigate the genetic architecture of phenotypic traits, and their changes across ages 
(e.g. Charmantier et al. 2006b; Brommer et al., 2007; Wilson et al. 2007; Wilson et al., 
2008). As indicated above, study populations on which such data could be collected in a 
longitudinal manner are relatively rare, especially in terms of mammals.   
 
A recent review has highlighted the need for such data, and has proposed that modification 
of existing laboratory techniques for closely-related wild populations could be a fruitful 
avenue of future research (Pedersen and Babayan, 2011). For this reason, and because of 
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ease of recapture, populations of wild rodents were suggested as having the potential to give 
valuable insight into the relationships between parasites, immunity, age and environmental 
heterogeneity. For instance, the wild rodent populations of Kielder Forest in northern 
England have already been the subject of extensive epidemiological and parasitological 
research, including the impact of parasites on survival and health (Telfer et al., 2002; 
Beldomenico et al., 2008a; 2008b), the seasonality of infections (Begon et al., 2009), and the 
dynamics of co-infection (Telfer et al., 2007; 2008; 2010). All of these studies have been 
longitudinal, but an advantage of wild rodents is that they can be used for invasive sampling, 
such as in a recent study on the same population which measured cytokine expression in 
splenocyte cultures (Jackson et al., 2011).  
 
The Soay sheep study population is unique in being a longitudinal mammal study with 
extensive life-history data as well as a cache of stored blood samples from around twenty 
years. An advantage of the sheep over rodents is that being a relatively large mammal, large 
quantities of blood can be collected and aliquots taken for numerous simultaneous assays. 
However, a limitation is the difficulty of sampling individuals repeatedly over short periods; 
for instance in order to monitor the development of immunity in lambs in relation to their 
condition over their first few weeks of life. Individuals are sampled at most once a year in 
August, which puts limitations on studying immune responses in relation to key life-history 
events; for instance, during the lambing season both females and males experience higher 
FEC (Wilson et al., 2004) but it is unknown how this is related to immune function. It may 
be possible to carry out small-scale intensive sampling in a cross-sectional manner to answer 
some of these questions. The analyses presented in this thesis have been based on 
observational data, and it may be that experimental studies could shed further light on some 
of the results herein. For instance, if sections of the study area could be cordoned off, 
individuals of different ages could be treated with anthelmintic and then re-infected with 
strongyle larvae, either standardized by body weight or of varying doses, perhaps across 
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varying patch quality. Close monitoring of faecal egg count, body weight, and blood 
sampling could reveal the dynamics of infection across, for instance, sexes or age categories. 
The first two weeks could be particularly interesting, because this is the period before eggs 
appear in faeces; once eggs did start to appear, an understanding could be gained of how they 
relate to aspects of immunity and to the initial dose. For instance, it might be predicted that 
younger animals, males, and very old animals would produce higher FEC from a given dose 
due to a less effective response; comparisons could also be made with domestic flocks, as 
has been done with wild and laboratory mice, Mus musculus (Abolins et al., 2011). Even 
without experimental studies, the quality of data from the Soay sheep population still carries 
the prospect of being able to answer some of the questions related to ageing, parasites and 
immunity that are yet to be investigated in natural populations.    
 
7.4 Final thoughts 
 
The original research in this thesis illustrates the importance of longitudinal study of host-
parasite interactions in heterogeneous environmental conditions. Only longitudinal studies 
can reveal the true patterns of ageing, selection, and covariance between phenotypic traits. 
Study systems such as the Soay sheep of St Kilda, which combine repeated capture of known 
individuals, as well as knowledge of prevailing environmental conditions, have great 
potential to advance our understanding of interactions between host fitness, immunity, and 
parasites in natural populations. These findings, and future work, should be of great 
relevance to a multitude of research themes, including life-history theory, the evolution of 
ageing, and immunology, with implications for disease management and conservation.
  REFERENCES  




Adamo, S.A. (2004) How should behavioural ecologists interpret measurements of 
immunity?    Animal Behaviour 68, 1443-1449. 
 
Addison, B., Ricklefs, R.E. & Klasing, K.C. (2010) Do maternally derived antibodies and 
early immune experience shape the adult immune response? Functional Ecology 24, 824-
829. 
 
Akbar, A.N., Beverley, P.C.L. & Salmon, M. (2004) Will telomere erosion lead to a loss of 
T-cell memory? Nature Reviews Immunology 4, 737-743. 
 
Anderson, D.J. & Apanius, V. (2003) Actuarial and reproductive senescence in a long-lived 
seabird: preliminary evidence. Experimental Gerontology 38, 757-760. 
 
Anderson, R.M. & May, R.M. (1978) Regulation and stability of host-parasite population 
interactions. I. Regulatory processes. Journal of Animal Ecology 47, 219-247. 
 
Arbuckle, M., McClain, M.T., Rubertone, M.V., Scofield, R.H, Dennis, D.J., James, J.A. & 
Harley, J.B. (2003) Development of autoantibodies before the clinical onset of Systemic 
Lupus Erythematosus. The New England Journal of Medicine 349, 1526-1533. 
 
Armstrong, D.T. (2001) Effects of maternal age on oocyte developmental competence. 
Theriogenology 55, 1303-1322. 
 
Arneberg, P. (2002) Host population density and body mass as determinants of species 
richness in parasite communities: comparative analyses of directly transmitted nematodes of 
mammals. Ecography 25, 88-94. 
 
Arneberg, P., Skorping, A., Grenfell, B. & Read, A.F. (1998) Host densities as  
determinants of abundance in parasite communities. Proceedings of the Royal Society of 
London B- Biological Sciences 265, 1283-1289. 
 
Arriero, E. (2009) Rearing environment effects on immune defence in blue tit Cyanistes 
caeruleus. Oecologia 159, 697-704. 
 
Auld, S.K.J.R., Scholefield, J.A. & Little, T.J. (2010) Genetic variation in the cellular 
response of Daphnia magna (Crustacea: Cladocera) to its bacterial parasite. Proceedings of 
the Royal Society of London B- Biological Sciences 277, 3291-3297. 
 
Balbontin, J., Hermosell, I.G., Marzal, A., Reviriego, M., de Lope, F. & Moller, A.P. (2007) 
Age-related change in breeding performance in early life is associated with an increase in 
competence in the migratory barn swallow. Journal of Animal Ecology 76, 915-925. 
 
Bates, D. & Maechler, M. (2009) lme4: Linear mixed-effects models using S4 classes. 
http://CRAN.R-project.org/package=lme4. Accessed on 15.03.11 
 
Beamonte-Barrientos, R., Velando, A., Drummond, H. & Torres, R. (2010) Senescence of 
maternal effects: aging influences egg quality and rearing capacities of a long-lived bird. The 
American Naturalist 175, 469-480. 
 
  REFERENCES   
  188 
 
Beauplet, G., Barbraud, C., Dabin, W., Küssener, C. & Guinet, C. (2006) Age-specific 
survival and reproductive performances in fur seals: evidence of senescence and individual 
quality. Oikos 112, 430-441. 
 
Begon, M., Telfer, S., Smith, M.J., Burthe, S., Paterson, S. & Lambin, X. (2009) Seasonal 
host dynamics drive the timing of recurrent epidemics in a wildlife population. Proceedings 
of the Royal Society of London B- Biological Sciences 276, 1603-1610. 
 
Beraldi, D., McRae, A.F., Gratten, J., Pilkington, J.G., Slate, J., Visscher, P.M. & 
Pemberton, J.M. (2007) Quantitative trait loci (QTL) mapping of resistance to strongyles and 
coccidea in the free-living Soay sheep (Ovis aries). International Journal for Parasitology 
37, 121-129. 
 
Berthouly, A., Cassier, A. & Richner, H. (2008) Carotenoid-induced maternal effects interact 
with ectoparasite burden and brood size to shape the trade-off between growth and immunity 
in nestling great tits. Functional Ecology 22, 854-863. 
 
Berube, C.H., Festa-Bianchet, M. & Jorgenson, J.T. (1999) Individual differences, longevity, 
and reproductive senescence in bighorn ewes. Ecology 80, 2555-2565. 
 
Bishop, S.C. & Stear, M.J. (2000) The use of a gamma-type function to assess the 
relationship between the number of adult Teladorsagia circumcincta and total egg output. 
Parasitology 121, 435-440. 
 
Bishop, S.C., Birden, K., McKellar, Q.A., Park, M. & Stear, M.J. (1996) Genetic parameters 
for faecal egg count following mixed, natural, predominantly Ostertagia circumcincta 
infection and relationships with live weight in young lambs. Animal Science 63, 423-428. 
 
Bize, P., Criscuolo, F., Metcalfe, N.B., Nasir, L. & Monaghan, P. (2009) Telomere dynamics 
rather than age predict life expectancy in the wild. Proceedings of the Royal Society of 
London B- Biological Sciences 276, 1679-1683. 
 
Blomquist, G.E. (2009) Trade-off between age of first reproduction and survival in a female 
primate. Biology Letters 5, 339-342. 
 
Blows, M.W. (2007) A tale of two matrices: multivariate approaches in evolutionary 
biology. Journal of Evolutionary Biology 20, 1-8. 
 
Bolker, B.M., Brooks, M.E., Clark, C.J., Geange, S.W., Poulsen, J.R., Stevens, M.H.H. & 
White, J.S. (2009) Generalized linear mixed models: a practical guide for ecology and 
evolution. Trends in Ecology and Evolution 24, 127-135.  
 
Bonduriansky, R. & Brassil, C.E. (2005) Reproductive ageing and sexual selection on male 
body size in a wild population of antler flies (Protopiophila litigata). Journal of 
Evolutionary Biology 18, 1332-1340. 
 
Bonneaud, C., Mazuc, J., Chastel, O., Westerdahl, H. & Sorci, G. (2004) Terminal 
investment induced by immune challenge and fitness traits associated with major 
histocompatibility complex in the house sparrow. Evolution 58, 2823-2830. 
 
Bonsall, M. B. (2006) Longevity and ageing: appraising the evolutionary consequences of 
growing old. Philosophical Transactions of the Royal Society of London B- Biological 
Sciences 361, 119-135.  
  REFERENCES  
  189 
 
 
Bourke, C.D., Maizels, R.M. & Mutapi, F. (2011) Acquired immune heterogeneity and its 
sources in human helminth infection. Parasitology 138, 139-159. 
 
Bouwhuis, S., Sheldon, B.C., Verhulst, S. & Charmantier, A. (2009) Great tits growing old: 
selective disappearance and the partitioning of senescence to stages within the breeding 
cycle. Proceedings of the Royal Society of London B- Biological Sciences 276, 2779-2786. 
 
Bowen, W.D., Iverson, S.J., McMillan, J.I. & Boness, D.J. (2006) Reproductive performance 
in grey seals: age-related improvement and senescence in a capital breeder. Journal of 
Animal Ecology 75, 1340-1351. 
 
Bradley, J.E. & Jackson, J.A. (2008) Measuring immune system variation to help understand 
host-pathogen community dynamics. Parasitology 135, 807-823. 
 
Brommer, J.E., Wilson, A.J. & Gustafsson, L. (2007) Exploring the genetics of aging in a 
wild passerine bird. The American Naturalist 170, 643-650. 
 
Byers, J.E., Blakeslee, A.M.H., Linder, E., Cooper, A.B. & Maguire, T.J. (2008) Controls of 
spatial variation in the prevalence of trematode parasites infecting a marine snail. Ecology 
89, 439-451. 
 
Cam, E., Link, W.A., Cooch, E.G., Monnat, J.-Y. & Danchin, E. (2002) Individual 
covariation in life-history traits: seeing the trees despite the forest. The American Naturalist 
159, 96-105. 
 
Campbell, R.N. (1974) St Kilda and its sheep. In Island Survivors: The Ecology of the Soay 
Sheep of St Kilda (eds. P.A. Jewell, C. Milner & J.M. Boyd), pp. 8-35. Athlone Press, 
London. 
 
Carlier, Y. & Truyens, C. (1995) Influences of maternal infection on offspring resistance 
towards parasites. Parasitology Today 11, 94-99. 
 
Catchpole, E.A., Morgan, B.J.T., Coulson, T., Freeman, S.N. & Albon, S.D. (2000) Factors 
influencing Soay sheep survival. Applied Statistics 49, 453-472. 
 
Charlesworth, B. (1993) Evolutionary mechanisms of senescence. Genetica 91, 11-19. 
 
Charmantier, A., Perrins, C., McCleery, R.H. & Sheldon, B.C. (2006a) Quantitative genetics 
of age at first reproduction in wild swans:support for antagonistic pleiotropy models of 
senescence. Proceedings of the National Academy of Sciences of the USA 103, 6587-6592. 
 
Charmantier, A., Perrins, C., McCleery, R.H. & Sheldon, B.C. (2006b) Age-dependent 
genetic variance in a life-history trait in the mute swan. Proceedings of the Royal Society of 
London B- Biological Sciences 273, 225-232. 
 
Christley, R.M., Morgan, K. L., Parkin, T. D. H. & French, N. P. (2003) Factors related to 
the risk of neonatal mortality, birth-weight and serum immunoglobulin concentration in 
lambs in the UK. Preventive Veterinary Medicine 57, 209-226.  
 
Chylinski, C., Boag, B., Stear, M.J., & Cattadori, I.M. (2009) Effects of host characteristics 
and parasite intensity on growth and fecundity of Trichostrongylus retortaeformis infections 
in rabbits. Parasitology 136, 117-123. 
  REFERENCES   
  190 
 
 
Cichon, M., Sendecka, J., & Gustafsson, L. (2003) Age-related decline in humoral immune 
function in collared flycatchers. Journal of Evolutionary Biology 16, 1205-1210. 
 
Cleaveland, S., Hess, G.R., Dobson, A.P., Laurenson, M.K., McCallum, H.I., Roberts, M.G. 
& Woodroffe, R. (2002) The role of pathogens in biological conservation. In The Ecology of 
Wildlife Diseases (eds. P.J. Hudson, A.P. Rizzoli, B.T. Grenfell, H. Heesterbeek & A.P. 
Dobson), pp. 139-150. Oxford University Press, Oxford. 
 
Clutton-Brock, T.H. (2004) The causes and consequences of instability. In Soay sheep: 
Dynamics and Selection in an Island Population (eds. T.H. Clutton-Brock & J.M. 
Pemberton), pp. 276-310. Cambridge University Press, Cambridge. 
 
Clutton-Brock, T.H. & Coulson, T. (2002) Comparative ungulate dynamics: the devil is in 
the detail. Philosophical Transactions of the Royal Society of London B- Biological Sciences 
357, 1285-1298. 
 
Clutton-Brock, T. H. & Isvaran, K. (2007) Sex differences in ageing in natural populations 
of vertebrates. Proceedings of the Royal Society of London B- Biological Sciences 274, 
3097-3104. 
 
Clutton-Brock, T.H. & Pemberton, J.M. (2004) Individuals and populations. In Soay sheep: 
Dynamics and Selection in an Island Population (eds. T.H. Clutton-Brock & J.M. 
Pemberton), pp. 113-165. Cambridge University Press, Cambridge. 
 
Clutton-Brock, T.H., Guinness, F.E. & Albon, S.D. (1983) The costs of reproduction to red 
deer hinds. Journal of Animal Ecology 52, 367-383. 
 
Clutton-Brock, T.H., Price, O.F., Albon, S.D. & Jewell, P.A. (1991) Persistent instability and 
population regulation in Soay sheep. Journal of Animal Ecology 60, 593-608. 
 
Clutton-Brock, T.H., Price, O.F., Albon, S.D., & Jewell, P.A. (1992) Early development and 
population fluctuations in Soay sheep. Journal of Animal Ecology 61, 381-396. 
 
Clutton-Brock, T.H., Stevenson, I.R., Marrow, P., MacColl, A.D.C., Houston, A.I. & 
McNamara, J.M. (1996) Population fluctuations, reproductive costs and life-history tactics in 
female Soay sheep. Journal of Animal Ecology 65, 675-689. 
 
Clutton-Brock, T.H., Illius, A.W., Wilson, K., Grenfell, B.T., MacColl, A.D.C. & Albon, 
S.D. (1997) Stability and instability in ungulate populations: an empirical analysis. The 
American Naturalist 149, 195-219. 
 
Clutton-Brock, T.H., Pemberton, J.M., Coulson, T.H., Stevenson, I.R. & MacColl, A.D.C. 
(2004a) The sheep of St Kilda. In Soay sheep: Dynamics and Selection in an Island 
Population (eds. T.H. Clutton-Brock & J.M. Pemberton), pp. 17-51. Cambridge University 
Press, Cambridge. 
 
Clutton-Brock, T.H., Grenfell, B.T., Coulson, T., MacColl, A.D.C., Illius, A.W., 
Forchhammer, M.C., Wilson, K., Lindstrom, J., Crawley, M.J., and Albon, S.D. (2004b) 
Population dynamics in Soay sheep. In Soay Sheep (eds. T.H. Clutton-Brock & J.M. 
Pemberton), pp. 52-88. Cambridge University Press, Cambridge.  
 
  REFERENCES  
  191 
 
Cockburn, A., Osmond, H.L., & Double, M.C. (2008) Swingin' in the rain: condition 
dependence and sexual selection in a capricious world. Proceedings of the Royal Society of 
London B- Biological Sciences 275, 605-612. 
 
Colditz, I.G. (2008) Six costs of immunity to gastrointestinal nematode infections. Parasite 
Immunology 30, 63-70. 
 
Colley, D.G., LoVerde, P.T. & Savioli, L. (2001) Infectious disease: medical helminthology 
in the 21st century. Science 293, 1437-1438. 
 
Coltman, D.W., Pilkington, J.G., Smith, J.A. & Pemberton, J.M. (1999a) Parasite-mediated 
selection against inbred Soay sheep in a free-living, island population. Evolution 53, 1259-
1267. 
 
Coltman, D.W., Smith, J.A., Bancroft, D.R., Pilkington, J., MacColl, A.D.C., Clutton-Brock, 
T.H. & Pemberton, J.M. (1999b) Density-dependent variation in lifetime breeding success 
and natural and sexual selection in Soay rams. The American Naturalist 154,730-746. 
 
Coltman, D.W., Pilkington, J.G., Kruuk, L.E.B., Wilson,K. & Pemberton, J.M. (2001a) 
Positive genetic correlation between parasite resistance and body size in a free-living 
ungulate population. Evolution 55, 2116-2125. 
 
Coltman, D.W., Wilson, K., Pilkington, J.G., Stear, M.J. & Pemberton, J.M. (2001b) A 
microsatellite polymorphism in the gamma interferon gene is associated with resistance to 
gastrointestinal nematodes in a naturally parasitized population of Soay sheep. Parasitology 
122, 571-582. 
 
Coulson, J.C. & Fairweather, J.A. (2001) Reduced reproductive performance prior to death 
in the black-legged kittiwake: senescence or terminal illness? Journal of Avian Biology 32, 
146-152. 
 
Coulson, T., Albon, S., Pilkington, J.G. & Clutton-Brock, T.H. (1999) Small-scale spatial 
dynamics in a fluctuating ungulate population. Journal of Animal Ecology 68, 658-671.  
 
Coulson, T., Catchpole, E.A., Albon, S.D., Morgan, B.J.T., Pemberton, J.M., Clutton-Brock, 
T.H., Crawley, M.J. & Grenfell, B.T. (2001) Age, sex, density, winter weather, and 
population crashes in Soay sheep. Science 292, 1528-1531. 
 
Coulson, T., Benton, T.G., Lundberg, P., Dall, S.R.X., Kendall, B.E. & Gaillard, J.M. (2006) 
Estimating individual contributions to population  growth: evolutionary fitness in ecological 
time. Proeedings of the Roya. Society of London B- Biological Sciences 273, 574-558. 
 
 
Coulson, T., Ezard, T.H.G., Pelletier, F., Tavecchia, G., Stenseth, N.C., Childs, D.Z., 
Pilkington, J.G., Pemberton, J.M., Kruuk, L.E.B., Clutton-Brock, T.H. & Crawley, M.J. 
(2008) Estimating the functional form for the density dependence from life history data. 
Ecology 89, 1661-1674. 
 
Cox, F.E.G. (2001) Concomitant infections, parasites and immune response. Parasitology 
122, S23-S38. 
 
Craig, B.H., Pilkington, J.G. & Pemberton, J.M. (2006) Gastrointestinal nematode species 
burdens and host mortality in a feral sheep population. Parasitology 133, 485-496. 
  REFERENCES   
  192 
 
 
Craig, B.H., Pilkington, J.G., Kruuk, L.E.B. & Pemberton, J.M. (2007) Epidemiology of 
parasite protozoan infections in Soay sheep (Ovis aries L.) on St Kilda. Parasitology 134, 9-
21. 
 
Craig, B.H., Tempest, L.J., Pilkington, J.G. & Pemberton, J.M. (2008) Metazoan-protozoan 
parasite co-infections and host body weight in St Kilda Soay sheep. Parasitology 135, 433-
441. 
 
Craig, B.H., Jones, O.R., Pilkington, J.G. & Pemberton, J.M. (2009) Re-establishment of 
nematode infra-community and host survivorship in wild Soay sheep following anthelmintic 
treatment. Veterinary Parasitology 161, 47-52. 
 
Crawley, M.J. (2007) The R Book. John Wiley & Sons, Sussex. 
 
Cuenco, K.T., Ottesen, E.A., Williams, S.A., Nutman, T.B. & Steel, C. (2009) Heritable 
factors play a major role in determining host responses to Wuchereria bancrofti infection in 
an isolated South Pacific island population. Journal of Infectious Diseases 200, 1271-1278. 
 
De Martinis, M., Franceschi, C., Monti, D. & Ginaldi, L. (2005) Inflamm-ageing and 
lifelong antigenic load as major determinants of ageing rate and longevity. FEBS Letters 
579, 2035-2039. 
 
Descamps, S., Boutin, S., Berteaux, D. & Gaillard, J.-M. (2008) Age-specific variation in 
survival, reproductive success and offspring quality in red squirrels: evidence of senescence. 
Oikos 117, 1406-1416. 
 
Devevey, G. & Christe, P. (2009) Flea infestation reduces the life span of the common vole. 
Parasitology 136, 1351-1355. 
 
Dighiero, G. & N. R. Rose (1999) Critical self-epitopes are key to the understanding of self-
tolerance and autoimmunity. Immunology Today 20, 423-428. 
 
Duncan, A.B. & Little, T.J. (2007) Parasite-driven genetic change in a natural population of 
Daphnia. Evolution 61, 796-803. 
 
Dwyer, C.M. & Morgan, C.A. (2006). Maintenance of body temperature in the neonatal 
lamb: Effects of breed, birth weight, and litter size. Journal of Animal Science 84, 1093-
1101. 
 
Elston, D.A., Moss, R., Boulinier, T., Arrowsmith, C. & Lambin, X. (2001) Analysis of 
aggregation, a worked example: numbers of ticks on red grouse chicks. Parasitology 122, 
563-569. 
 
Engen, S., Lande, R., Saether, B.-E. & Dobson, F.S. (2009) Reproductive value and the 
stochastic demography of age-structured populations. The American Naturalist 174, 795-
804. 
 
Ericsson, G., Wallin, K., Ball, J.P. & Broberg, M. (2001) Age-related reproductive effort and 
senescence in free-ranging moose, Alces alces. Ecology 82, 1613-1620. 
 
Festa-Bianchet, M. (1989) Individual differences, parasites, and the cost of reproduction for 
bighorn ewes (Ovis canadensis). Journal of Animal Ecology 58, 785-795. 
  REFERENCES  
  193 
 
 
Festa-Bianchet, M. (1991) Numbers of lungworm larvae in feces of bighorn sheep: yearly 
changes, influence of host sex, and effects on host survival. Canadian Journal of Zoology 
69, 547-554. 
 
Festa-Bianchet, M. (1998) Condition-dependent reproductive success in bighorn ewes. 
Ecology Letters 1, 91-94. 
 
Folstad, I. & Karter, A.J. (1992) Parasites, bright males and the immunocompetence 
handicap. The American Naturalist 139, 603-622. 
 
Forchhammer, M.C., Clutton-Brock, T.H., Lindstrom, J. & Albon, S.D. (2001) Climate and 
population density induce long-term cohort variation in a northern ungulate. Journal of 
Animal Ecology 70, 721-729. 
 
Gabriël, S., Geldhof, P., Phiri, I.K., Cornillie, P., Goddeeris, B.M. & Vercruysse, J. (2005) 
Placental transfer of immunoglobulins in cattle infected with Schistosoma mattheei. 
Veterinary Immunology and Immunopathology 104, 265-272. 
 
Gaillard, J.M., Delorme, D., Jean-Marie, B., Van Laere, G., Boisaubert, B. & Pradel, R. 
(1993) Roe deer survival patterns: a comparative analysis of contrasting populations. Journal 
of Animal Ecology 62, 778-791. 
 
Gallizzi, K., Guenon, B. & Richner, H. (2008a) Maternally transmitted parasite defence can 
be beneficial in the absence of parasites. Oikos 117, 223-230. 
 
Gallizzi, K., Gern, L. & Richner, H. (2008b) A flea-induced pre-hatching maternal effect 
modulates tick feeding behaviour on great tit nestlings. Functional Ecology 22, 94-99. 
 
Gatongi, P.M., Scott, M.E., Ranjan, S., Gathuma, J.M., Munyua, W.K., Cheruiyot, H. & 
Pritchard, R.K. (1997) Effects of three nematode anthelmintic treatment regimes on flock 
performance of sheep and goats under extensive management in semi-arid Kenya. Veterinary 
Parasitology 68, 323-336. 
 
Gavazzi, G. & Krauze, K.-H. (2002) Ageing and infection. The Lancet Infectious Diseases 2, 
659-666. 
 
Graham, A.L., Cattadori, I.M., Lloyd-Smith, J.O., Ferrari, M.J. & Bjornstad, O.N. (2007) 
Transmission consequences of coinfection: cytokines writ large? Trends in Parasitology 23, 
284-291. 
 
Graham, A.L., Hayward, A.D., Watt, K.A., Pilkington, J.G., Pemberton, J.M. & Nussey, 
D.H. (2010) Fitness correlates of heritable variation in antibody responsiveness in a wild 
mammal. Science 330, 662-665. 
 
Graham, A.L., Shuker, D.M., Pollitt, L.C., Auld, S.K.J.R., Wilson, A.J. & Little, T.J. (2011) 
Fitness consequences of immune responses: strengthening the empirical framework for 
ecoimmunology. Functional Ecology 25, 5-17. 
 
Grear, D.A., Perkins, S.E. & Hudson, P.J. (2009) Does elevated testosterone result in 
increased exposure and transmission of parasites? Ecology Letters 12, 528-537. 
 
  REFERENCES   
  194 
 
Grenfell, B.H., Price, O.F., Albon, S.D. & Clutton-Brock, T.H. (1992) Overcompensation 
and population cycles in an ungulate. Nature 355, 823-826. 
 
Grenfell, B.T., Wilson, K., Isham, V.S., Boyd, H.E.G. & Dietz, K. (1995) Modelling patterns 
of parasite aggregation in natural populations: trichostrongylid nematode-ruminant 
interactions as a case study. Parasitology 111, S135-S151. 
 
Grenfell, B.T., Wilson, K., Finkelstadt, B.F., Coulson, T., Murray, S., Albon, S.D., 
Pemberton, J.M., Clutton-Brock, T.H. & Crawley, M.J. (1998) Noise and determinism in 
synchronized sheep dynamics. Nature 394, 674-677. 
 
Grenfell, B.T., Amos, W., Arneberg, P., Bjørnstad, O.N., Greenman, J.V., Harwood, J., 
Lanfranchi, P., McLean, A.R., Norman, R.A., Read, A.F. & Skorping, A. (2002) Visions for 
future research into wildlife epidemiology. In The Ecology of Wildlife Diseases (eds. P.J. 
Hudson, A.P. Rizzoli, B.T. Grenfell, H. Heesterbeek & A.P. Dobson), pp. 151-164. Oxford 
University Press, Oxford. 
 
Grillo, V., Craig, B.H., Wimmer, B. & Gilleard, J.S. (2008) Microsatellite genotyping 
supports the hypothesis that Teladorsagia davtiani and Teladorsagia trifurcata are 
morphotypes of Teladorsagia circumcincta. Molecular and Biochemical Parasitology 159, 
59-63. 
 
Grindstaff, J.L., Brodie III, E.D. & Ketterson, E.D. (2003) Immune function across 
generations: integrating mechanism and evolutionary process in maternal antibody 
transmission. Proceedings of the Royal Society of London B- Biological Sciences 270, 2309-
2319. 
 
Grindstaff, J.L., Hasselquist, D., Nilsson, J.-A., Sandell, M., Smith, H.G. & Stjernman, M. 
(2006) Transgenerational priming of immunity: maternal exposure to a bacterial antigen 
enhances offspring humoral immunity. Proceedings of the Royal Society of London B- 
Biological Sciences 273, 2551-2557. 
 
Gruner, L., Bouix, J. & Brunel, J.C. (2004a) High genetic correlation between resistance to 
Haemonchus contortus and to Trichostrongylus colubriformis in INRA 401 sheep. 
Veterinary Parasitology 119, 51-58. 
 
Gruner, L., Bouix, J., Vu Tien Khang, J., Mandonnet, N., Eychenne, F., Cortet, J., Sauve, C. 
& Limouzin, C. (2004b) A short-term divergent selection for resistance to Teladorsagia 
circumcincta  in Romanov sheep using natural or artificial challenge. Genetic Selection 
Evolution 36, 217-242. 
 
Gruver, A.L., Hudson, L.L. & Sempowski, G.D. (2007) Immunosenescence of ageing. 
Journal of Pathology 211, 144-156. 
 
Gulland, F.M.D. (1991) The role of parasites in the population dynamics of Soay sheep on St 
Kilda. PhD thesis, University of Cambridge. 
 
Gulland, F.M.D. (1992) The role of nematode parasites in Soay sheep (Ovis aries L.) 
mortality during a population crash. Parasitology 105, 493-503. 
 
Gulland, F.M.D. & Fox, M. (1992) Epidemiology of nematode infections of Soay sheep 
(Ovis aries L.) on St Kilda. Parasitology 105, 481-492. 
 
  REFERENCES  
  195 
 
Gulland, F.M.D., Albon, S.D., Pemberton, J.M., Moorcroft, P.R. & Clutton-Brock, T.H. 
(1993) Parasite-associated polymorphism in a cyclic ungulate population. Proceedings of the 
Royal Society B- Biological Sciences 254, 7-13. 
 
Gustafsson, L. & Part, T. (1990) Acceleration of senescence in the collared flycatcher 
Ficedula albicollis by reproductive costs. Nature 347, 279-281. 
 
Gustafsson, L., Nordling, D., Andersson, M.S., Sheldon, B.C. & Qvarnstrom, A. (1994) 
Infectious diseases, reproductive effort, and the cost of reproduction in birds. Philosophical 
Transactions of the Royal Society of London B- Biological Sciences 346, 323-331. 
 
Hadfield, J.D., Richardson, D.S. & Burke, T. (2006) Towards unbiased parentage 
assignment: combining genetic, behavioural and spatial data in a Bayesian framework. 
Molecular Ecology 15, 3715-3730. 
 
Hall, M.E., Nasir, L., Daunt, F., Gault, E.A., Croxall, J.P., Wanless, S. & Monaghan, P. 
(2004) Telomere loss in relation to age and early environment in long-lived birds. 
Proceedings of the Royal Society of London B- Biological Sciences 271, 1571-1576. 
 
Hamilton, W.D. (1966) The moulding of senescence by natural selection. Journal of 
Theoretical Biology 12, 12-45. 
 
Hanssen, S.A., Hasselquist, D., Folstad, I. & Erikstad, K.E. (2005) Cost of reproduction in a 
long-lived bird: incubation effort reduces immune function and future reproduction. 
Proceedings of the Royal Society of London B- Biological Sciences 272, 1039-1046. 
 
Hargitai, R., Prechl, J. & Torok, J. (2006) Maternal immunoglobulin concentration in 
collared flycatcher (Ficedula albicollis) eggs in relation to parental quality and laying order. 
Functional Ecology 20, 829-838. 
 
Harrison, A., Scantlebury, M. & Montgomery, W.I. (2010) Body mass and sex-biased 
parasitism in wood mice Apodemus sylvaticus. Oikos 119, 1099-1104. 
 
Haussmann, M.F., Winkler, D.W., Huntington, C.E., Vleck, D., Sannemann, C.E., Hanley, 
D. & Vleck, C.M. (2005) Cell-mediated immunosenescence in birds. Oecologia 145, 270-
275. 
 
Hayflick, L. (2000) The future of ageing. Nature 408, 267-269. 
 
Hayward, A.D., Wilson, A.J., Pilkington, J.G., Pemberton, J.M. & Kruuk, L.E.B. (2009) 
Ageing in a variable habitat: environmental stress affects senescence in parasite resistance in 
St Kilda Soay sheep. Proceedings of the Royal Society of London B- Biological Sciences 
276, 3477-3485. 
 
Hayward, A.D., Pilkington, J.G., Pemberton, J.M. & Kruuk, L.E.B. (2010) Maternal effects 
and early-life performance are associated with parasite resistance across life in free-living 
Soay sheep. Parasitology 137, 1261-1273. 
 
Hayward, A.D., Wilson, A.J., Pilkington, J.G., Clutton-Brock, T.H., Pemberton, J.M. & 
Kruuk, L.E.B. (in press) Natural selection on a measure of parasite resistance varies across 
ages and environmental conditions in a wild mammal. Journal of Evolutionary Biology. 
 
  REFERENCES   
  196 
 
Henderson, N.G. & Stear, M.J. (2006) Eosinophil and IgA responses in sheep infected with 
Teladorsagia circumcincta. Veterinary Immunology and Immunopathology 112, 62-66.  
 
Hindle, A.G., Horning, M., Mellish, J.E. & Lawler, J. M. (2009a) Diving into old age: 
muscular senescence in a large-bodied, long-lived mammal, the Weddell seal (Leptonychotes 
weddellii). Journal of Experimental Biology 212, 790-796. 
 
Hindle, A.G., Lawler, J.M., Campbell, K.L. & Horning, M. (2009b) Muscle senescence in 
short-lived wild mammals, the soricine shrews Blarina brevicauda and Sorex palustris. 
Journal of Experimental Zoology Part A: Ecological Genetics and Physiology 311, 358-367. 
 
Houdijk, J.G.M. (2008) Influence of periparturient nutritional demand on resistance to 
parasites in livestock. Parasite Immunology 30, 113-121. 
 
Hudson, P.J., Dobson, A.P. & Newborn, D. (1998) Prevention of population cycles by 
parasite removal. Science 282, 2256-2258. 
 
Hudson, P.J., Rizzoli, A.P., Grenfell, B.T., Heesterbeek, J.A.P. & Dobson, A.P. (2002) 
Ecology of wildlife diseases. In The Ecology of Wildlife Diseases (eds. P.J. Hudson, A.P. 
Rizzoli, B.T. Grenfell, H. Heesterbeek & A.P. Dobson, pp. 1-5. Oxford University Press, 
Oxford. 
 
Hughes, J., Albon, S.D., Irvine, R.J. & Woodin, S. (2009) Is there a cost of parasites to 
caribou? Parasitology 136, 253-265. 
 
Huntley, J.F., Jackson, F., Coop, R.L., Macaldowie, C., Houdijk, J.G.M., Familton, A.S., 
Xieh, X.L., Stankiewicz, M. & Sykes, A.R. (2004) The sequential analysis of local 
inflammatory cells during abomasal nematode infection in periparturient sheep. Veterinary 
Immunology and Immunopathology 97, 163-176. 
 
Husby, A., Nussey, D.H., Visser, M.E., Wilson, A.J., Sheldon, B.C. & Kruuk, L.E.B. (2010) 
Contrasting patterns of phenotypic plasticity in reproductive traits in two great tit (Parus 
major) populations. Evolution 64, 2221-2237. 
 
Hutchings, M.R., Milner, J.M., Gordon, I.J., Kyriazakis, I. & Jackson, F. (2002). Grazing 
decisions of Soay sheep, Ovis aries, on St Kilda: a consequence of parasite distribution? 
Oikos 96, 235-244. 
 
Iposu, S.O., McAnulty, R.W., Greer, A.W., Xie, H.L., Green, R.S., Stankiewicz, M. & 
Sykes, A.R. (2008) Does suckling offer protection to the lamb against Teladorsagia 
circumcincta infection? Veterinary Parasitology 153, 294-301.  
 
Irvine, R.J., Stien, A., Dallas, J.F., Halvorsen, O., Langvatn, R. & Albon, S.D. (2001) 
Contrasting regulation of fecundity in two abomasal nematodes of Svalbard reindeer 
(Rangifer rangifer platyrhynchus). Parasitology 122, 673-681. 
 
Isomursu, M., Ratti, O., Helle, P. & Hollmen, T. (2006) Sex and age influence intestinal 
parasite burden in three boreal grouse species. Journal of Avian Biology 37, 516-522. 
 
Jackson, F., Bartley, D., Bartley, Y. & Kenyon, F. (2009a) Worm control in sheep in the 
future. Small Ruminant Research 86, 40-45. 
 
  REFERENCES  
  197 
 
Jackson, J.A., Friberg, I.M., Little, S. & Bradley, J.E. (2009b) Review series on helminths, 
immune modulation and the hygiene hypothesis: immunity against helminths and 
immunological phenomena in modern human populations: coevolutionary legacies? 
Immunology 126, 18-27. 
 
Jewell, P.A. (1997) Survival and behaviour of castrated Soay sheep (Ovis aries) in a feral 
island population on Hirta, St. Kilda, Scotland. Journal of Zoology 243, 623-636. 
 
Jones, O.R., Crawley, M.J., Pilkington, J.G. & Pemberton, J.M. (2005) Predictors of early 
survival in Soay sheep: cohort-, maternal-, and individual-level variation. Proceedings of the 
Royal Society of London B- Biological Sciences 272, 2619-2625.  
 
Jones, O.R., Gaillard, J.-M., Tujalpurkar, S., Alho, J.S., Armitage, K.B., Becker, P.H., Bize, 
P., Brommer, J., Charmantier, A., Charpentier, A., Clutton-Brock, T.H., Dobson, F.S., Festa-
Bianchet, M., Gustafsson, L., Jensen, H., Jones, C.G., Lillandt, B.-G., McCleery, R., Merila, 
J., Neuhaus, P., Nicoll, M.A.C., Norris, K., Oli, M.K.,  Pemberton, J.M., Pietiainen, H., 
Ringsby, T.H., Roulin, A., Saether, B.-E., Setchell, J.M., Sheldon, B.C., Thompson, P.M., 
Weimerskirch, H., Wickings, E.J. & Coulson, T. (2008) Senescence rates are determined by 
ranking on the fast-slow life-history continuum. Ecology Letters 11, 664-673.  
 
Karell, P., Kontiainen, P., Pietiäinen, H., Siitari, H. & Brommer, J.E. (2008) Maternal effects 
on offspring Igs and egg size in relation to natural and experimentally improved food supply. 
Functional Ecology 22, 682-690. 
 
Kassai, T. (1999) Veterinary Helminthology. Butterworth-Heinemann, Oxford. 
 
Keller, L.F., Reid, J.M. & Arcese, P. (2008) Testing evolutionary models of senescence in a 
natural population: age and inbreeding effects on fitness components in song sparrows. 
Proceedings of the Royal Society of London B- Biological Sciences 275, 597-604. 
 
Kennedy, M.W. & Nager, R.G. (2006) The perils and prospects of using 
phytohaemagglutinin in evolutionary ecology. Trends in Ecology and Evolution 21, 653-655. 
 
King, S.J., Arrigo-Nelson, S.J., Pochron, S.T., Semprebon, G.M., Godfrey, L.R., Wright, 
P.C. & Jernvall, J. (2005) Dental senescence in a long-lived primate links infant survival to 
rainfall. Proceedings of the National Academy of Sciences of the USA 102, 16579-16583. 
 
King, R., Brooks, S.P., Morgan.B.J.T. & Coulson, T. (2006) Factors influencing Soay sheep 
survival: a Bayesian analysis. Biometrics 62, 211-220. 
 
Kingsolver, J.G., Hoekstra, H.E., Hoekstra, J.M., Berrigan, D., Vignieri, S.N., Hill, C.E., 
Hoang, A., Gibert, P. & Beerli, P. (2001) The strength of phenotypic selection in natural 
populations. The American Naturalist 157, 245-261. 
 
Kirkwood, T.B.L. (1977) Evolution of ageing. Nature 270, 301-304. 
 
Klein, S.L. (2004) Hormonal and immunological mechanisms mediating sex differences in 
parasite infection. Parasite Immunology 26, 247-264. 
 
Klemera, P., & Doubal, S. (2006) A new approach to the concept and computation of 
biological age. Mechanisms of Ageing and Development 127, 240-248. 
 
  REFERENCES   
  198 
 
Knowles, S.C.L., Palinauskas, V. & Sheldon, B.C. (2010) Chronic malaria infections 
increase family inequalities and reduce parental fitness, experimental evidence from a wild 
bird population. Journal of Evolutionary Biology 23, 557-569. 
 
Kojola, I., Helle, T., Huhta, E. & Niva, A. (1998) Foraging conditions, tooth wear and 
herbivore body reserves: a study of female reindeer. Oecologia 117, 26-30. 
 
Kristan, D.M. (2004) Intestinal nematode infection affects host life history and offspring 
susceptibility to parasitism. Journal of Animal Ecology 73, 227-238. 
 
Kruuk, L.E.B. (2004) Estimating genetic parameters in wild populations using the 'animal 
model'. Philosophical Transactions of the Royal Society of London Series B- Biological 
Sciences 359, 873-890. 
 
Kruuk, L.E.B., Clutton-Brock, T.H., Rose, K.E. & Guinness, F.E. (1999) Early determinant 
of lifetime reproductive success differ between the sexes in red deer. Proceedings of the 
Royal Society of London B- Biological Sciences 266, 1655-1661. 
 
Lande, R. (1979) Quantitative genetic analysis of multivariate evolution, applied to 
brain:body size allometry. Evolution 33, 402-416. 
 
Lande, R. & Arnold, S.J. (1983) The measurement of selection on correlated characters. 
Evolution 37, 1210-1226. 
 
Langrova, I., Makovcova, K., Vadlejch, J., Jankovska, I., Petrtyl, M., Fechtner, J., Keil, P., 
Lytvynets, A. & Borkovcova, M. (2008) Arrested development of sheep strongyles: onset 
and resumption under field conditions of Central Europe. Parasitology Research 103, 387-
392. 
 
Larbi, A., Franceschi, C., Mazzatti, D., Solana, R., Wikby, A. & Pawalec, G. (2008) Aging 
of the immune system as a prognostic factor for human longevity. Physiology 23, 64-74. 
 
Lazzaro, B.P. & Little, T.J. (2009) Immunity in a variable world. Philosophical Transactions 
of the Royal Society of London B- Biological Sciences 364, 15-26. 
 
Lecomte, V.J., Sorci, G., Cornet, S., Kaeger, A., Faivre, B., Arnoux, E., Gaillard, M., 
Trouve, C., Besson, D., Chastel, O. & Weimerskirch, H. (2010) Patterns of aging in the long-
lived wandering albatross. Proceedings of the National Academy of Sciences of the USA 107, 
6370-6375. 
 
Lindsey, E., Mehta, M., Dhulipala, V., Oberhauser, K. & Altizer, S. (2009) Crowding and 
disease: effects of host density on response to infection in a butterfly-parasite interaction. 
Ecological Entomology 34, 551-561. 
 
Lindstrom, J. (1999) Early development and fitness in birds and mammals. Trends in 
Ecology and Evolution 14, 343-348.  
 
Lindstrom, J., Coulson, T., Kruuk, L., Forchhammer, M.C., Coltman, D.W. & Clutton-
Brock, T.H. (2002) Sex-ratio variation in Soay sheep. Behavioural Ecology and 
Sociobiology 53, 25-30.  
 
Linton, P.J. & Dorshkind, K. (2004) Age-related changes in lymphocyte development and 
function. Nature Immunology 5, 133-139. 
  REFERENCES  
  199 
 
 
Lleo, A., Invernizzi, P., Gao, B., Podda, M. & Gershwin, M.E. (2010) Definition of human 
autoimmunity- autoantibodies versus autoimmune disease. Autoimmunity Reviews 9, A259-
A266. 
 
Lochmillar, R. L. & Deerenberg, C. (2000) Tradeoffs in evolutionary immunology: just what 
is the cost of immunity? Oikos 88, 87-98.  
 
Loison, A., Festa-Bianchet, M., Gaillard, J.M., Jorgensen, J.T. & Jullien, J.M. (1999) Age-
specific survival in five populations of ungulates: evidence of senescence. Ecology 80, 2539-
2554. 
 
Lozano, G.A. & Lank, D.B. (2003) Seasonal trade-offs in cell-mediated immunosenescence 
in ruffs (Philomachus pugnax). Proceedings of the Royal Society of London B- Biological 
Sciences 270, 1203-1208. 
 
Luckinbill, L. S., Arking, R., Clare, M.J., Cirocco, W.C. & Buck, S.A. (1984) Selection for 
delayed senescence in Drosophila melanogaster. Evolution 38, 996-1003. 
 
M.A.F.F. (1986) Manual of Veterinary Parasitological Techniques. HMSO, London. 
 
Marshall, D. J. & Uller, T. (2007) When is a maternal effect adaptive? Oikos 116, 1957-
1963. 
 
Martinez-Valladares, M., Vara-Del Rio, M.P., Cruz-Rojo, M.A. & Rojo-Vazquez, F.A. 
(2005) Genetic resistance to Teladorsagia circumcincta: IgA and parameters at slaughter in 
Churra sheep. Parasite Immunology 27, 213-218. 
 
Massot, M., Clobert, J., Montes-Poloni, L., Haussy, C., Cubo, J. & Meylan, S. (2011) An 
integrative study of ageing in a wild population of common lizards. Functional Ecology 
 
Matson, K. D., Cohen, A.A., Klasing, K.C., Ricklefs, R.E., and Scheuerlein, A. (2006) No 
simple answers for ecological immunology: relationships among immune indices at the 
individual level break down at the species level in waterfowl. Proceedings of the Royal 
Society of London B- Biological Sciences 273, 815-822. 
 
May, R.M. & R.M. Anderson (1978) Regulation and stability of host-parasite population 
interactions: II. Destabilizing processes. Journal of Animal Ecology 47, 249-267. 
 
McCallum, H., Jones, M., Hawkins, C., Hamede, R., Lachish, S., Sinn, D.L., Beeton, N. & 
Lazenby, B. (2009) Transmission dynamics of Tasmanian devil facial tumor disease may 
lead to disease-induced extinction. Ecology 90, 3379-3392. 
 
McCleery, R.H., Perrins, C.M., Sheldon, B.C. & Charmantier, A. (2008) Age-specific 
reproduction in a long-lived species: the combined effects of senescence and individual 
quality. Proceedings of the Royal Society of London B- Biological Sciences 275, 963-70. 
 
McSorely, H.J. & Loukas, A. (2010) The immunology of human hookworm infections. 
Parasite Immunology 32, 549-559. 
 
Medawar, P.B. (1952) An Unsolved Problem in Biology. London, H.K. Lewis. 
 
  REFERENCES   
  200 
 
Michel, J.F., Lancaster, M.B. & Hong, C. (1974) Studies on arrested development of 
Ostertagia ostertagi and Cooperia oncophora. Journal of Comparative Pathology 84, 539-
554. 
 
Mills, S.C., Grapputo, A., Jokinen, I., Koskela, E., Mappes, T. & Poikonen, T. (2010) Fitness 
trade-offs mediated by immunosuppression costs in a small mammal. Evolution 64, 166-179. 
 
Milner, J.M., Albon, S.D., Illius, A.W., Pemberton, J.M. & Clutton-Brock, T.H. (1999a) 
Repeated selection of morphometric traits in the Soay sheep on St Kilda. Journal of Animal 
Ecology 68, 472-488. 
 
Milner, J.M., Elston, D.A. & Albon, S.D. (1999b) Estimating the contributions of population 
density and climatic fluctuations to interannual variation in survival of Soay sheep. Journal 
of Animal Ecology 68, 1235-1247. 
 
Mitchell-Olds, T. & Shaw, R.G. (1987) Regression analysis of natural selection: statistical 
inference and biological interpretation. Evolution 41, 1149-1161. 
 
Monaghan, P. (2010) Telomeres and life histories: the long and the short of it. Annals of the 
New York Academy of Sciences 1206, 130-142. 
 
Monaghan, P. & Haussmann, M.F. (2006) Do telomere dynamics link lifestyle and  
lifespan? Trends in Ecology and Evolution 21, 47-53. 
 
Monaghan, P., Charmantier, A., Nussey, D.H. & Ricklefs, R.E. (2008) The evolutionary 
ecology of senescence. Functional Ecology 22, 371-378. 
 
Monaghan, P., Metcalfe, N.B. & Torres, R. (2009) Oxidative stress as a mediator of life-
history trade-offs: mechanisms, measurements and interpretation. Ecology Letters 12, 75-92. 
 
Morand, S. & Poulin, R. (1998) Density, body mass, and parasite species richness of 
terrestrial mammals. Evolutionary Ecology 12, 717-727. 
 
Moss, R., Trenholm, I.B., Watson, A. & Parr, R. (1990) Parasitism, predation and survival of 
hen red grouse Lagopus lagopus scoticus in spring. Journal of Animal Ecology 59, 631-642. 
 
Mousseau, T.A. & Fox, C.W. (1998) The adaptive significance of maternal effects. Trends in 
Ecology and Evolution 13, 403-407. 
 
Murphy, K., Travers, P., and Walport, M. (2008) Janeway’s Immunobiology 7
th
 edition. 
Garland Science, New York. 
 
Newey, S. & Thirgood, S. (2004) Parasite-mediated reduction in fecundity of mountain 
hares. Proceedings of the Royal Society of London B- Biological Sciences 271, S413-S415. 
 
Nieuwhof, G.J. & Bishop, S.C. (2005) Costs of the major endemic diseases of sheep in Great 
Britain and the potential benefits of reduction in disease impact. Animal Science 81, 23-29. 
 
Nowak, R. & Poindron, P. (2006) From birth to colostrum: early steps leading to lamb 
survival. Reproduction Nutrition Development 46, 431-446.  
 
  REFERENCES  
  201 
 
Nussey, D.H., Kruuk, L.E.B., Donald, A., Fowlie, M. & Clutton-Brock, T.H. (2006) The rate 
of senescence in maternal performance increases with early-life fecundity in red deer. 
Ecology Letters 9, 1342-1350. 
 
Nussey, D.H., Kruuk, L.E.B., Morris, A., & Clutton-Brock, T.H. (2007a) Environmental 
conditions in early life influence ageing rates in a wild population of red deer. Current 
Biology 17, r1000-r1001. 
 
Nussey, D.H., Metherell, B., Moyes, K., Donald, A., Guinness, F.E. & Clutton-Brock, T.H. 
(2007b) The relationship between tooth wear, habitat quality and late-life reproduction in a 
wild red deer population. Journal of Animal Ecology 76, 402-412. 
 
Nussey, D.H., Coulson, T., Festa-Bianchet, M. & Gaillard, J.-M. (2008a) Measuring 
senescence in wild animal populations: towards a longitudinal approach. Functional Ecology 
22, 393-406. 
 
Nussey, D.H., Kruuk, L.E.B., Morris, A., Clements, M.N., Pemberton, J.M. & Clutton-
Brock, T.H. (2009a) Inter- and intrasexual variation in aging patterns across reproductive 
traits in a wild red deer population. The American Naturalist 174, 342-357. 
 
Nussey, D.H., Pemberton, J.M., Pilkington, J.G. & Blount, J.D. (2009b) Life history 
correlates of oxidative damage in a free-living mammal population. Functional Ecology 23, 
809-817. 
 
O'Connor, L.J., Walkden-Brown, S.W. & Kahn, L.P. (2006) Ecology of the free-living 
stages of major trichostrongylid parasites of sheep. Veterinary Parasitology 142, 1-15. 
 
Osnas, E.E., Heisey, D.M., Rolley, R.E. & Samuel, M.D. (2009) Spatial and temporal 
patterns of chronic wasting disease: fine-scale mapping of a wildlife epidemic in Wisconsin. 
Ecological Applications 19, 1311-1322. 
 
Overall, A.D.J., Byrne, K.A., Pilkington, J.G. & Pemberton, J.M. (2005) Heterozygosity, 
inbreeding and neonatal traits in Soay sheep on St Kilda. Molecular Ecology 14, 3383-3393. 
 
Owen, J.P. & Clayton, D.H. (2007) Where are the parasites in the PHA response? Trends in 
Ecology and Evolution 22, 228-229. 
 
Palacios, M.G., Cunnick, J.E., Winkler, D.W. & Vleck, C. (2007) Immunosenescence in 
some but not all immune components in a free-living vertebrate, the tree swallow. 
Proceedings of the Royal Society of London B- Biological Sciences 274, 951-957. 
 
Parejo, D. & Silva, N. (2009) Immunity and fitness in a wild population of Eurasian kestrels 
Falco tinnunculus. Naturwissenschaften 96, 1193-1202. 
 
Partridge, L. & Barton, N.H. (1993) Evolution of ageing: testing the theory using 
Drosophila. Genetica 91, 89-98. 
 
Partridge, L., Prowse, N. & Pignatelli, P. (1999) Another set of responses to selection on age 
at reproduction in Drosophila melanogaster. Proceedings of the Royal Society of London B- 
Biological Sciences 266, 255-261. 
 
Paterson, S. & Lello, J. (2003) Mixed models: getting the best use of parasitological data. 
Trends in Ecology and Evolution 19, 370-375. 
  REFERENCES   
  202 
 
 
Paterson, S., Wilson, K. & Pemberton, J.M. (1998) Major histocompatibility complex 
variation associated with juvenile survival and parasite resistance in a large unmanaged 
ungulate population (Ovis aries L.). Proceedings of the National Academy of Sciences of the 
USA 95, 3714-3719. 
 
Pawalec, G. (2006) Immunity and ageing in man. Experimental Gerontology 41, 1239-1242. 
 
Pawalec, G., Adibzadeh, M., Solana, R. & Beckman, I. (1997) The T cell in the ageing 
individual. Mechanisms of Ageing and Development 93, 35-45. 
 
Pedersen, A. B. & Babayan, S.A. (2011) Wild immunology. Molecular Ecology 20, 872-880. 
 
Pedersen, A.B. & Grieves, T.J. (2008) The interaction of parasites and resources cause 
crashes in a wild mouse population. Journal of Animal Ecology 77, 370-377. 
 
Pedersen, A.B., Jones, K.E., Nunn, C.L. & Altizer, S. (2007) Infectious diseases and 
extinction risk in wild mammals. Conservation Biology 21, 1269-1279. 
 
Pelletier, F., Page, K.A., Ostiguy, T., & Festa-Bianchet, M. (2005) Fecal counts of lungworm 
larvae and reproductive effort in bighorn sheep, Ovis canadensis. Oikos 110, 473-480. 
 
Pelletier, F., Clutton-Brock, T.H., Pemberton, J.M., Tuljapurkar, S., and Coulson, T. (2007) 
The evolutionary demography of ecological change: linking trait variation and population 
growth. Science 315, 1571-1574. 
 
Pfeffer, A., Shaw, R.J., Green, R.S. & Phegan, M.D. (2005) The transfer of maternal IgE and 
other immunoglobulins specific for Trichostrongylus colubriformis larval 
excretory/secretory product to the neonatal lamb. Veterinary Immunology and 
Immunopathology 108, 315-323. 
 
Phillips, P.C. & Arnold, S.J. (1989) Visualizing multivariate selection. Evolution 43, 1209-
1222. 
 
Pinheiro, J.C. & Bates, D.M. (2000) Mixed-effects models in S and S-PLUS. Springer, New 
York.   
 
Pitala, N., Gustafsson, L., Sendecka, J., and Brommer, J.E. (2007) Nestling immune 
response to phytohaemagglutinin is not heritable in collared flycatchers. Biology Letters 3, 
418-421. 
 
Poulin, R. (2007) The Evolutionary Ecology of Parasites, 2
nd
 edn. Princeton University 
Press, New Jersey. 
 
Preston, B.T., Stevenson, I.R., Pemberton, J.M., Coltman, D.W. & Wilson, K. (2003) Overt 
and covert competition in a promiscuous mammal: the importance of weaponry and testes 
size to male reproductive success. Proceedings of the Royal Society of London B- Biological 
Sciences 270, 633-640. 
 
Price, T. & Schluter, D. (1991) On the low heritability of life-history traits. Evolution 45, 
853-861. 
 
  REFERENCES  
  203 
 
Price, T.D., Grant, P.R., Gibbs, H.L. & Boag, P.T. (1984) Recurrent patterns of natural 
selection in a population of Darwin's finches. Nature 309, 787-789. 
 
Proffitt, K.M., Garrott, R.A., Rotella, J.J. & Wheatley, K.E. (2007) Environmental and 
senescent related variations in Weddell seal body mass: implications for age-specific 
reproductive performance. Oikos 116, 1683-1690. 
 
Promislow, D.E.L. (1991) Senescence in natural populations of mammals: a comparative 
study. Evolution 45, 1869-1887. 
 
Promislow, D.E.L., Tatar, M., Khazaeli, A.A. & Curtsinger, J.W. (1996) Age-specific 
patterns of genetic variation in Drosophila melanogaster. I. Mortality. Genetics 143, 839-
848. 
 
Quinnell, R.J. (2003) Genetics of susceptibility to human helminth infection. International 
Journal for Parasitology 33, 1219-1231. 
 
Raberg, L. & Stjernman, M. (2003) Natural selection on immune responsiveness in blue tits 
Parus caeruleus. Evolution 57, 1670-1678. 
 
Raberg, L., Graham, A.L. & Read, A.F. (2009) Decomposing health: tolerance and 
resistance to parasites in animals. Philosophical Transactions of the Royal Society of London 
B- Biological Sciences 364, 37-49. 
 
Radwan, J., Demiaszkiewicz, A.W., Kowalczyk, R., Lachowicz, J., Kawalko, A., Wójcik, 
J.M. , Pyziel, A.M. & Babik, W. (2010) An evaluation of two potential risk factors, MHC 
diversity and host density, for infection by an invasive nematode Ashworthius sidemi in 
endangered European bison (Bison bonasus). Biological Conservation 143, 2049-2053. 
 
Rasanen, K. & Kruuk, L.E.B. (2007) Maternal effects and evolution at ecological time-
scales. Functional Ecology 21, 408-421. 
 
Rattiste, K. (2004) Reproductive success in presenescent common gulls (Larus canus): the 
importance of the last year of life. Proceedings of the Royal Society of London B- Biological 
Sciences 271, 2059-2064. 
 
Rausher, M.D. (1992) The measurement of selection on quantitative traits: biases due to 
environmental covariances between traits and fitness. Evolution 46, 616-626. 
 
Rebke, M., Coulson, T., Becker, P.H. & Vaupel, J.W. (2010) Reproductive improvement and 
senescence in a long-lived bird. Proceedings of the National Academy of Sciences of the USA 
107, 7841-7846. 
 
Reed, T.E., Kruuk, L.E.B., Wanless, S., Fredriksen, M., Cunningham, E.J.A. & Harris, M.P. 
(2008) Reproductive senescence in a long-lived seabird: rates of decline in late-life 
performance are associated with varying costs of early reproduction. The American 
Naturalist 171, E89-E101. 
 
Reid, J.M., Bignal, E.M., Bignal, S., McCracken, D.I. & Monaghan, P. (2003) Age-specific 
reproductive performance in red-billed choughs Pyrrhocorax pyrrhocorax: patterns and 
processes in a natural population. Journal of Animal Ecology 72, 765-776. 
 
  REFERENCES   
  204 
 
Reid, J.M., Arcese, P., Keller, L.F. & Hasselquist, D. (2006) Long-term maternal effect on 
offspring immune response in song sparrows Melospiza melodia. Biology Letters 2, 573-576. 
 
Reid, J.M., Bignal, E.M., Bignal, S., McCracken, D.I., Bogdanova, M.I. & Monaghan, P. 
(2010) Parent age, lifespan and offspring survival: structured variation in life history in a 
wild population. Journal of Animal Ecology 79, 851-862. 
 
Reznick, D.N., Bryant, M.J., Roff, D., Ghalambor, C.K. & Ghalambor, D.E. (2004) Effect of 
extrinsic mortality on the evolution of senescence in guppies. Nature 431, 1095-1099. 
 
Ricklefs, R. (1998) Evolutionary theories of ageing: confirmation of a fundamental 
prediction, with implications for the genetic basis and evolution of lifespan. The American 
Naturalist 152: 24-44. 
 
Ricklefs, R. & A. Scheuerlein (2001) Comparisons of aging-related mortality among birds 
and mammals. Experimental Gerontology 36, 845-857. 
 
Robinson, M.R., Pilkington, J.G., Clutton-Brock, T.H., Pemberton, J.M. & Kruuk, L.E.B. 
(2006) Live fast, die young: trade-offs between fitness components and sexually antagonistic 
selection on weaponry in Soay sheep. Evolution 60, 2168-2181. 
 
Robinson, M.R., Pilkington, J.G., Clutton-Brock, T.H., Pemberton, J.M. & Kruuk, L.E.B. 
(2008) Environmental heterogeneity generates fluctuating selection on a secondary sexual 
trait. Current Biology 18, 751-757. 
 
Robinson, M.R., Wilson, A.J., Pilkington, J.G., Clutton-Brock, T.H., Pemberton, J.M. & 
Kruuk, L.E.B. (2009) The impact of environmental heterogeneity on genetic architecture in a 
wild population of Soay sheep. Genetics 181, 1639-1648. 
 
Rose, M.R. (1991) Evolutionary Biology of Ageing. Oxford University Press, Oxford. 
 
Rose, M. & Charlesworth, B. (1980) A test of evolutionary theories of senesence. Nature 
287, 141-142. 
 
Rowe, L. & Houle, D. (1996) The lek paradox and the capture of genetic variance by 
condition dependent traits. Proceedings of the Royal Society of London B- Biological 
Sciences 263, 1415-1421. 
 
Saino, N., Ferrari, R.P., Romano, M., Rubolini, D. & Moller, A.P. (2003) Humoral immune 
response in relation to senescence, sex and sexual ornamentation in the barn swallow 
(Hirundo rustica). Journal of Evolutionary Biology 16, 1127-1134. 
 
Saks, L., Karu, U., Ots, I. & Horak, P. (2006) Do standard measures of immunocompetence 
reflect parasite resistance? The case of Greenfinch coccidiosis. Functional Ecology 20, 75-
82. 
 
Sayers, G. & Sweeney,T. (2005) Gastrointestinal nematode infection in sheep? A review of 
the alternatives to anthelmintics in parasite control. Animal Health Research Reviews 6, 159-
171. 
 
Schall, R. (1991) Estimation in generalized linear models with random effects. Biometrika 
78, 719-727. 
 
  REFERENCES  
  205 
 
Schuepbach, H.U. & Baur, B. (2008) Parasitic mites influence fitness components of their 
host, the land snail Arianta arbustorum. Invertebrate Biology 127, 350-356. 
 
Schwanz, L.E. (2008) Persistent effects of maternal parasitic infection on offspring fitness: 
implications for adaptive reproductive strategies when parasitized. Functional Ecology 22, 
691-698. 
 
Seivwright, L.J., Redpath, S.M., Mougeot, F., Watt, L. & Hudson, P.J. (2004) Faecal egg 
counts provide a reliable measure of Trichostrongylus tenuis intensities in free-living red 
grouse Lagopus lagopus scoticus. Journal of Helminthology 78, 69-76. 
 
Seivwright, L., Redpath,S., Mougeot, F., Leckie, F. & Hudson, P.J. (2005) Interactions 
between intrinsic and extrinsic mechanisms in cyclic species- testosterone increases parasite 
inefction in red grouse. Proceedings of the Royal Society of London B- Biological Sciences 
272, 2299-2304. 
 
Sgro, C.M. & Partridge, L. (1999) A delayed wave of death from reproduction in 
Drosophila. Science 286, 2521-2525. 
 
Sharp, S.P. & T.H. Clutton-Brock (2010) Reproductive senescence in a cooperatively 
breeding mammal. Journal of Animal Ecology 79, 176-183. 
 
Shaw, D.J. & A.P. Dobson (1995) Patterns of macroparasite abundance and aggregation in 
wildlife populations: a quantitative review. Parasitology 111, S111-S133. 
 
Shaw, D.J., Grenfell, B.T. & Dobson, A.P. (1998) Patterns of macroparasite aggregation in 
wildlife host populations. Parasitology 117, 597-610. 
 
Shaw J.L. & Moss, R. (1989) Factors affecting the establishment of the caecal threadworm 
Trichostrongylus tenuis in red grouse (Lagopus lagopus scoticus). Parasitology 99, 259-264. 
 
Sheldon, B.C. & Verhulst, S. (1996) Ecological immunity: costly parasite defences and 
tradeoffs in evolutionary ecology. Trends in Ecology and Evolution 11, 317-321. 
 
Simm, A., Nass, N., Bartling, B., Hofmann, B., Silber, R.-E. & Santos, A.N. (2008) Potential 
biomarkers of ageing. Biological Chemistry 389, 1243-1246. 
 
Simões, R., Gentile, R., Rademaker, V., D'Andrea, P., Herrera, H., Freitas, T., Lanfredi, R. 
& Maldonado, A. (2010) Variation in the helminth community structure of Thrichomys 
pachyurus (Rodentia: Echimyidae) in two sub-regions of the Brazilian Pantanal: the effects 
of land use and seasonality. Journal of Helminthology 84, 266-275. 
 
Smee, N.M., Harkin, K.R. & Wilkerson, M.J. (2007) Measurement of serum antinuclear 
antibody titer in dogs with and without systemic lupus erythematosus: 120 cases (1997-
2005). Journal of the American Veterinary Medical Association 230, 1180-1183. 
 
Smith, W.D., Jackson, F., Jackson, E. & Williams, J. (1985) Age immunity to Ostertagia 
circumcincta: Comparison of the local immune responses of 4 1/2- and 10-month-old lambs. 
Journal of Comparative Pathology 95, 235-245. 
 
Smith, J.A., Wilson, K., Pilkington, J.G. & Pemberton, J.M. (1999) Heritable variation in 
resistance to gastrointestinal nematodes in an unmanaged mammal population. Proceedings 
of the Royal Society of London B- Biological Sciences 266, 1283-1290. 
  REFERENCES   
  206 
 
 
Smits, J.E., Bortolotti, G.R. & Tella, J.L. (1999) Simplifying the phytohaemagglutinin skin-
testing technique in studies of avian immunocompetence. Functional Ecology 13, 567-572. 
 
Sparkman, A., Arnold, S.J. & Bronikowski, A.M. (2007) An empirical test of evolutionary 
theories for reproductive senescence and reproductive effort in the garter snake Thamnophis 
elegans. Proceedings of the Royal Society of London B- Biological Sciences 274, 943-950. 
 
Stear, M. J., & Bishop, S.C. (1999) The curvilinear relationship between worm length and 
fecundity of Teladorsagia circumcincta. International Journal for Parasitology 29, 777-780. 
 
Stear, M.J., Bishop, S.C., Doligalska, M., Duncan, .L., Holmes, P.H., Irvine, J., McCririe, L., 
McKellar, Q.A., Sinski, E. & Murray, M. (1995) Regulation of egg production, worm 
burden, worm length and worm fecundity by host responses in sheep infected with 
Ostertagia circumcincta. Parasite Immunology 17, 643-652. 
 
Stear, M.J., Park, M. & Bishop, S.C. (1996) The key components of resistance to Ostertagia 
circumcincta in lambs. Parasitology Today 12, 438-441. 
 
Stear, M.J., Bairden, K., Duncan, J.L., Holmes, P.H., McKellar, Q.A., Park, M., Strain, S. & 
Strain, S. (1997) How hosts control worms. Nature 389, 27. 
 
Stear, M.J., Bairden, K., Bishop, S.C., Buitkamp, J., Duncan, J.L., Gettinby, G., McKellar, 
Q.A., Park, M., Parkins, J.J., Reid, S.W.J., Strain, S. & Murray, M. (1999) The genetic basis 
of resistance to Ostertagia circumcincta in lambs. The Veterinary Journal 154, 111-119. 
 
Stear, M.J. (2002) The genetic control of IgA activity against Teladorsagia circumcincta and 
its association with parasite resistance in naturally infected sheep. Parasitology 124, 545-
552. 
 
Stear, M.J., Bishop, S.C., Henderson, N.G. & Scott, I. (2003) A key mechanism of 
pathogenesis in sheep infected with the nematode Teladorsagia circumcincta. Animal Health 
Research Reviews 4, 45-52.  
 
Stear, M.J., Abuagob, O., Benothman, M., Bishop, S.C., Innocent, G., Kerr, A. & Mitchell, 
S. (2006) Variation among faecal egg counts following natural nematode infection in 
Scottish Blackface lambs. Parasitology 132, 275-280. 
 
Stear, M.J., Boag, B., Cattadori, I. & Murphy, L. (2009) Genetic variation in resistance to 
mixed, predominantly Teladorsagia circumcincta nematode infections of sheep: from 
heritabilities to gene identification. Parasite Immunology 31, 274-282. 
 
Stearns, S.C., Ackermann, M., Doebli, M. & Kaiser, M. (2000) Experimental evolution of 
aging, growth, and reproduction in fruit flies. Proceedings of the National Academy of 
Sciences of the USA 97, 3309-3313. 
 
Stenseth, N.C., Otterson, G., Hurrell, J.W., Mysterud, A., Lima, M., Chan, K.S. & Yoccoz, 
N.G. (2003) Studying climate effects on ecology through the use of climate indices: the 
North Atlantic Oscillation, El Niño Southern Oscillation and beyond. Proceedings of the 
Royal Society of London B- Biological Sciences 270, 2087-2096. 
 
  REFERENCES  
  207 
 
Stevenson, I.R. & Bancroft, D.R. (1995) Fluctuating trade-offs favour precocial maturity in 
male Soay sheep. Proceedings of the Royal Society of London B- Biological Sciences 262, 
267-275. 
 
Stevenson, I.R., Marrow, P., Preston, B.T., Pemberton, J.M. & Wilson, K. (2004) Adaptive 
reproductive strategies. In Soay Sheep: Dynamics and Selection in an Island Population 
(eds. T.H. Clutton-Brock & J.M. Pemberton), pp. 243-275. Cambridge University Press, 
Cambridge. 
 
Stien, A., Irvine, R.J., Ropstad, E., Halvorsen, O., Langvatn,  R. & Albon, S.D. (2002) The 
impact of gastrointestinal nematodes on wild reindeer: experimental and cross-sectional 
studies. Journal of Animal Ecology 71, 937-945. 
 
Stjernman, M., Raberg, L. & Nilsson, J.-A. (2008) Maximum host survival at intermediate 
parasite infection intensities. PLoS ONE 3, e2463. 
Strain, S.A.J., Bishop, S.C., Henderson, N.G., Kerr, A., McKellar, Q.A., Mitchell, S. &  
 
Supali, T., Verweij, J.J., Wiria, A.E., Djuardi, Y., Hamid, F., Kaisar, M.M.M., Wammes, 
L.J., van Lieshout, L., Luty, A.J.F., Sartono, E. & Yazdanbakhsh, M. (2010) Polyparasitism 
and its impact on the immune system. International Journal for Parasitology 40, 1171-1176. 
 
Tarazona, R., Solana, R., Ouyang, Q. & Pawalec, G. (2002) Basic biology and clinical 
impact of immunosenescence. Experimental Gerontology 37, 183-189. 
 
Tavecchia, G., Coulson, T., Morgan, B.J.T.,Pemberton, J.M., Pilkington, J.G., Gulland 
F.M.D. & Clutton-Brock, T.H. (2005) Predictors of reproductive cost in female Soay sheep. 
Journal of Animal Ecology 74, 201-213. 
 
Telfer, S., Bennett, M., Bown, K., Cavanagh,  R., Crespin, L., Hazel, S., Jones, T., & Begon, 
M. (2002) The effects of cowpox virus on survival in natural rodent populations: increases 
and decreases. Journal of Animal Ecology 71, 558-568. 
 
Telfer, S., Clough, H.E., Birtles, R.J., Bennett, M., Carslake, D., Helyar, S. & Begon, M. 
(2007) Ecological differences and coexistence in a guild of microparasites: Bartonella in 
wild rodents. Ecology 88, 1841-1849. 
 
Tempest, L.J. (2005) Parasites and the cost of reproduction in Soay sheep. PhD Thesis, 
University of Stirling. 
 
Theodorou, G., Fragou, S., Chronopoulou, R., Kominakis, A., Rogdakis, E. & Politis, I. 
(2007) Study of immune parameters in three Greek dairy sheep breeds during the 
periparturient period. Journal of Dairy Science 90, 5567-5571.  
 
Thomson, E.F., Gruner, L., Bahhady, F., Orita, G., Termanini, A., Ferdawi, A.K. & Hreitani, 
H. (2000) Effects of gastro-intestinal and lungworm nematode infections on ewe 
productivity in farm flocks under variable rainfall conditions in Syria. Livestock Production 
Science 63, 65-75. 
 
Tompkins, D.M. & Hudson, P.J. (1999) Regulation of nematode fecundity in the ring-necked 
pheasant (Phasianus colchicus): not just density dependence. Parasitology 118, 417-423.  
 
Tompkins, D.M., Dobson, A.P., Arneberg, P., Begon, M.E., Cattadori, I.M., Greenman, J.V., 
Heesterbeek, J.A.P., Hudson, P.J., Newborn, D., Pugliese, A., Rizzoli, A.P., Rosa, R., Rosso, 
  REFERENCES   
  208 
 
F. & Wilson, K. (2002) Parasites and host population dynamics. In The Ecology of Wildlife 
Diseases (eds. P.J. Hudson, A.P. Rizzoli, B.T. Grenfell, H. Heesterbeek & A.P. Dobson), pp. 
45-62. Oxford University Press, Oxford. 
 
Train, C.T. & Hansen, M.F. (1968) Statistical estimation of worm burdens (Ascaridia galli) 
in chickens. Experimental Parasitology 23, 11-21. 
 
Tschirren, B., Siitari, H., Saladin, V. & Richner, H. (2009) Transgenerational immunity in a 
bird-ectoparasite system: do maternally transferred antibodies affect parasite fecundity or the 
offspring's susceptibility to fleas? Ibis 151, 160-170. 
 
Turner, W.C. & Getz, W.M. (2010) Seasonal and demographic factors influencing 
gastrointestinal parasitism in ungulates of Etosha National Park. Journal of Wildlife Diseases 
46, 1108-1119. 
 
Uriarte, J., Llorente, M.M. & Valderrabano, J. (2003) Seasonal changes of gastrointestinal 
nematode burden in sheep under an intensive grazing system. Veterinary Parasitology 118, 
79-92. 
 
van Boven, M. & Weissing, F.J. (2004) The evolutionary economics of immunity. The 
American Naturalist 163, 277-294. 
 
van de Pol, M. & S. Verhulst (2006) Age-dependent traits: a new statistical model to 
separate within- and between-individual effects. The American Naturalist 167, 766-773.  
 
van de Pol, M. & Wright, J. (2009) A simple method for distinguishing within- versus 
between subject effects using mixed models. Animal Behaviour 77, 753-758. 
 
van Oosterhout, C., Mohammed, R.S., Hansen, H., Archard, G.A., McMullan, M., Weese, 
D.J. & Cable, J. (2007) Selection by parasites in spate conditions in wild Trinidadian guppies 
(Poecilia reticulata). International Journal for Parasitology 37, 805-812. 
 
Vanpe, C., Gaillard, J.-M., Morellet, N., Kjellander, P., Liberg, O., Delorme, D. & Hewison, 
A.J.M. (2009) Age-specific variation in male breeding success of a territorial ungulate 
species, the European roe deer. Journal of Mammalogy 90, 661-665. 
 
Velando, A., Drummond, H., & Torres, R. (2006) Senescent birds redouble reproductive 
effort when ill: confirmation of the terminal investment hypothesis. Proceedings of the Royal 
Society of London B- Biological Sciences 273, 1443-1448. 
 
ver Hoef, J.M. & Boveng, P.L. (2007) Quasi-poisson vs negative binomial regression: how 
should we model overdispersed count data? Ecology 88, 2766-2772. 
 
Verhulst, S. (1998) Multiple breeding in the great tit, II. The costs of rearing a second clutch. 
Functional Ecology 12, 132-140. 
 
Viney, M.E., Riley, E.M. & Buchanan, K.L. (2005) Optimal immune responses: 
immunocompetence revisited. Trends in Ecology and Evolution 20, 665-669. 
 
Vleck, C.M., Haussmann, M.F. & Vleck, D. (2007) Avian senescence: underlying 
mechanisms. Journal of Ornithology 148, 611-624. 
 
  REFERENCES  
  209 
 
Waller, P.J. & Thomas, R.J. (1981) The natural regulation of Trichostrongylus spp. 
populations in young grazing sheep. Veterinary Parasitology 9, 47-55. 
 
Wasser, D.E. & Sherman, P.W. (2010) Avian longevities and their interpretation under 
evolutionary theories of senescence. Journal of Zoology 280, 103-155. 
 
Weladji, R.B., Gaillard, J.-M., Yoccoz, N.G., Holand, O., Mysterud, A., Loison, A., 
Nieminen, M. & Stenseth, N.C. (2006) Good reindeer mothers live longer and become better 
in raising offspring. Proceedings of the Royal Society of London B- Biological Sciences 273, 
1239-1244. 
 
Williams, G.C. (1957) Pleiotropy, natural selection, and the evolution of senescence. 
Evolution 11, 398-411. 
 
Wilson, A.J., Pilkington, J.G., Pemberton, J.M., Coltman, D.W., Overall, A.D.J., Byrne, 
K.A. & Kruuk, L.E.B. (2005a) Selection on mothers and offspring: whose phenotype is it 
and does it matter? Evolution 59, 451-463. 
 
Wilson, A. J., Kruuk, L.E.B. & Coltman, D.W. (2005b) Ontogenetic patterns in heritable 
variation for body size: using random regression models in a wild ungulate population. The 
American Naturalist 166, E177-E192.  
 
Wilson, A.J., Coltman, D.W., Pemberton, J.M., Overall, A.D.J., Byrne, K.A. & Kruuk, 
L.E.B. (2005c) Maternal genetic effect set the potential for evolution in a free-living 
vertebrate population. Journal of Evolutionary Biology 18, 405-414. 
 
Wilson, A.J., Pemberton, J.M., Pilkington, J.G., Coltman, D.W., Mifsud, D.V., Clutton-
Brock, T.H. & Kruuk, L.E.B. (2006) Environmental coupling of selection and heritability 
limits evolution. PLoS Biology 4, 1270-1275. 
 
Wilson, A.J., Nussey, D.H., Pemberton, J.M., Pilkington, J.G., Morris, A., Pelletier, F., 
Clutton-Brock, T.H. & Kruuk, L.E.B. (2007) Evidence for a genetic basis of ageing in two 
wild vertebrate populations. Current Biology 17, 2136-2142. 
 
Wilson, A.J., Charmantier, A. & Hadfield, J.D. (2008) Evolutionary genetics of ageing in the 
wild: empirical patterns and future perspectives. Functional Ecology 22, 431-442. 
 
Wilson, A.J., Pemberton, J.M., Pilkington, J.G., Clutton-Brock, T.H. & Kruuk, L.E.B. 
(2009) Trading offspring size for number in a variable environment: selection on 
reproductive investment in female Soay sheep. Journal of Animal Ecology 78, 354-364. 
 
Wilson, K. & Grenfell, B.T. (1997) Generalized Linear Models for parasitologists. 
Parasitology Today 13, 33-38. 
 
Wilson, K., Grenfell, B.T. & Shaw, D.J. (1996) Analysis of aggregated parasite distributions: 
a comparison of methods. Functional Ecology 10, 592-6-1. 
 
Wilson, K., Bjørnstad, O.N., Dobson, A.P., Merler, S., Poglayen, G., Randolph, S.E., Read, 
A.F. & Skorping, A. (2002) Heterogeneities in macroparasite infections: patterns and 
processes. In The Ecology of Wildlife Diseases (eds. P.J. Hudson, A.P. Rizzoli, B.T. 
Grenfell, H. Heesterbeek & A.P. Dobson), pp. 6-44. Oxford University Press, Oxford. 
 
  REFERENCES   
  210 
 
Wilson, K., Grenfell, B.T., Pilkington, J.G., Boyd, H.E.G. & Gulland, F.M.D. (2004) 
Parasites and their impact. In Soay sheep: Dynamics and Selection in an Island Population 
(eds. T.H. Clutton-Brock & J.M. Pemberton), pp. 113-165. Cambridge University Press, 
Cambridge. 
 
Woolaston, R.R. (1992) Selection of Merino sheep for increased and decreased resistance to 
Haemonchus contortus - peri-parturient effects on fecal egg counts. International Journal for 
Parasitology 22, 947-953. 
 
Woolhouse, M.E.J. (1992) A theoretical framework for the immunoepidemiology of 
helminth infection. Parasite Immunology 14, 563-578. 
 
Zajitschek, F., Bonduriansky, R., Zajitschek, S.R.K. & Brooks, R.C. (2009) Sexual 
dimorphism in life history: age, survival, and reproduction in male and female field crickets 
Teleogryllus commodus under seminatural conditions. The American Naturalist 173, 792-
802. 
 
Zuk, M. & McKean, K.A. (1996) Sex differences in parasite infections: patterns and 
processes. International Journal for Parasitology 26, 1009-1024. 
 
Zuk, M. & Stoehr, A.M. (2002) Immune defense and host life history. The American 
Naturalist 160, S9-S22. 
 
Zwaan, B., Bijlsma, R. & Hoekstra, R.F. (1995) Direct selection on life span in Drosophila 
melanogaster. Evolution 49, 649-659.
    
  211 
 
Appendix A 
Chapter 4 supplementary results 
 
Presented below are final models from analysis testing for significant late-life declines in 
reproductive performance (section 4.3.3). These results are described in section 4.4.2. 
 
Trait Variable Estimate S.E. d.f. χ² p 
a) Annual Fecundity      
 Fixed effects      
 Intercept -5.9068 1.5016  -3.934 <0.001 
 ALR 2.3090 0.3472 1 6.650 <0.001 
 ALR² -0.0895 0.0197 1 -4.539 <0.001 
 Age -0.7443 0.0620 1 -12.005 <0.001 
 Variance components     
  Year 0.5173 0.0201       
b) Probability of twinning      
 Fixed effects      
 Intercept -1.6859 0.2028 1 -8.313 <0.001 
 Variance components     
  ID 1.7193 0.0792       
 
 
Table A1: Final models of analysis of a) annual fecundity and b) probability of 
twinning in females of post-peak age (6 and 8 respectively). Results from GLMMs 
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Trait Variable Estimate S.E. d.f. Test stat. p 
a) Offspring birth weight      
 Fixed effects      
 Intercept -2.5082 0.7901    
 Lamb Sex      
 Female 0.0000  NA 10.46 0.001 
 Male 0.2083 0.0640    
 Birth Date 0.0372 0.0062 NA 35.38 <0.001 
 PPD -0.0021 0.0004 NA 17.53 <0.001 
 NAO -0.1101 0.0462 NA 5.17 0.023 
 ALR 0.0761 0.0406 NA 3.48 0.062 
 Age -0.1399 0.0293 NA 22.29 <0.001 
 Variance components     
 ID 0.3142 0.0218    
 YEAR 0.0304 0.0068    
  RESIDUAL 0.5255 0.0282       
b) Offspring growth rate      
 Fixed effects      
 Intercept 0.0514 0.0155    
 Offspring Weight 0.0105 0.0010 NA 94.38 <0.001 
 Lamb Sex      
 Female 0.0000  NA 76.73 <0.001 
 Male 0.0118 0.0013    
 Birth Date 0.0003 0.0001 NA 8.01 0.005 
 PPD 0.0000 0.0000 NA 8.31 0.004 
 ALR 0.0020 0.0006 NA 12.47 <0.001 
 Age -0.0033 0.0005 NA 48.27 <0.001 
 Variance components     
 ID 0.0001 0.0004    
 YEAR 0.0000 0.0002    
  RESIDUAL 0.0002 0.0006       
c) Offspring survival      
 Fixed effects      
 Intercept 5.6362 1.0085  5.59 <0.001 
 Lamb Sex      
 Female 0.0000  1 -2.90 0.004 
 Male -0.7603 0.2622    
 Offspring Weight 1.3213 0.1701 1 7.77 <0.001 
 ALR 0.0239 0.1183 1 0.20 0.840 
 Age -0.3590 0.1018 1 -3.53 <0.001 
 Variance components     
 ID 0.9631 0.0322    
  YEAR 0.6443 0.0264       
 
 
Table A2: Final models of analysis of maternal effects-related traits from females of 
post-peak age: a) offspring birth weight OWT; b) offspring growth rate OGR; c) 
offspring survival OS. Results from LMMs with normal errors for OWT and OS, and 
from GLMM with binomial errors for OS; both are described in section 4.3.3.2. 
Sample sizes are shown in Table 4.7. 
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